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Naturally occurring biomolecular machinery provides excellent platforms for 
assembling artificially synthesized inorganic materials into functional nanodevices as 
widely envisioned in the field of nanobiotechnology. Hybrid materials, coupling the 
unique physical properties of synthetic inorganic nanoparticles with the exquisite 
recognition and self-assembly abilities of biomolecules, are expected to revolutionize 
materials and devices of the next generation. In this study, a specific protein-DNA 
conjugate (LacI protein and lacO sequence) was successfully engineered as a 
biomolecular platform to assemble inorganic nanoparticles on DNA scaffold using the 
LacI molecule as a linker. Meanwhile, the interaction between peptides/proteins and 
inorganic surfaces was carefully investigated. The main achievements include 1) 
isolating a SiO2- and TiO2-binding peptide motif using combinatorial peptide libraries, 
2) understanding the mechanism of peptide and LacI binding to SiO2 and TiO2, 3) 
genetically fusing the isolated peptide motif with LacI and assessing the binding 
behavior of wild-type LacI vs. engineered LacI, 4) assembling TiO2 nanoparticles on 
DNA scaffold using engineered LacI as a linker, and 5) revealing the interplay 
between local conformation and contextual milieu of displayed peptides with regard 
to their target recognition ability. This thesis not only provides a platform to assemble 
inorganic nanoparticles, given that the peptide sequence specifically binding to 
desired nanoparticles is available, but also sheds light on understanding the 
complicated interaction of proteins with solid surfaces. 
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DNA molecules is ~800 nm, about 23.5% of the fully extended length 
(~3400 nm, assuming a base pair spacing is 0.34 nm). Such DNA 
condensation in TEM observation was also reported elsewhere (Dai et 
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Figure 6.3 (a) Real-time monitoring of LacI-STB1 or wild-type LacI binding to a 
non-lacO DNA sequence using SPR. (b) Real-time monitoring of the 
interaction of truncated LacI-STB1 or truncated wild-type LacI with a 
non-lacO DNA sequence using SPR. The down arrow (↓) indicates the 
time point when the respective reaction solution was introduced into 
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which the measurement cell was rinsed with PBS buffer. The up arrow 
(↑) noted with H2O represents time point at which the measurement 
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LacI-STB1 and wild-type LacI to the immobilized non-lacO induced 
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changed to DI water as used for the sample preparation in TEM 
observation, the binding of LacI-STB1 and wild-type LacI to the 
immobilized non-lacO induced remarkable Δθ, suggesting that LacIs 
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concentrations. When truncated LacI-STB1 and truncated wild-type 
LacI (their DBD was removed by proteolysis) were applied to the 
immobilized non-lacO, no binding was observed either in PBS buffer 
or in DI water. It is clear that the binding of LacI-STB1 and wild-type 
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Figure 6.4 (a) TEM image of a circular plasmid DNA molecule (~10 Kbp, 
containing one lacO site) for the DNA/wild-type LacI/TiO2 NPs 
preparation. (b) TEM image of ~ 50 nm TiO2 NPs. (c) TEM image of 
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Figure 7.1 (a) Time course of frequency shift (Δf) and dissipation shift (ΔD) for 
the binding of wild-type M13, STB1-P and LSTB1-P particles to 
TiO2 surface. (b) Time course of frequency shift (Δf) and dissipation 
shift (ΔD) for the binding of wild-type M13, STB1-P and LSTB1-P 
particles to SiO2 surface. At t = 0 min, Δf = 0 Hz and ΔD = 0. ............. 130 
 
Figure 7.2 (a) Time course of frequency shift (Δf) and dissipation shift (ΔD) for 
the binding of free LSTB1 peptide to TiO2 and SiO2 surfaces. (b) Time 
course of frequency shift (Δf) and dissipation shift (ΔD) for the 
binding of free STB1 peptide to TiO2 and SiO2 surfaces. At t = 0 min, 
Δf = 0 Hz and ΔD = 0. The arrows indicate the time when the cell was 
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Figure 7.3 Time course of resonance frequency shift (Δf) and dissipation factor 
shift (ΔD) for the binding of LacI-STB1/lacO and LacI-LSTB1/lacO 
complexes to (a) TiO2 and (b) SiO2 surfaces at the concentration of 65 
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Figure 7.4 Time course of resonance frequency shift (Δf) for the binding of 
LacI-STB1/lacO (a) and LacI-LSTB1/lacO (b) complexes to TiO2. 
Time course of resonance frequency shift (Δf) for the binding of 
LacI-STB1/lacO (a) and LacI-LSTB1/lacO (b) complexes to SiO2. 
The concentration in the legend (i.e. 2.5 μg/ml, 5.0 μg/ml, 7.5 μg/ml 
and 10.0 μg/ml) represents the concentration of LacI-STB1 or 
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methods specified in Chap. 5. The assumption that the adsorption and 
desorption processes follow the first order binding kinetics is fulfilled 
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Figure 7.5 Snapshots of the simulated conformations of (a) STB1 and (b) LSTB1. 
(c) shows the RMSD, i.e. root mean square deviation, of the backbone 
of the simulated conformations (produced during the 200 ps dynamics 
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shows the surface electrostatic potential with positive charge depicted 
in blue and negative charge in red; the right image shows the peptide’s 
backbone highlighted as a green tube where three K residues are 









“There is plenty of room at the bottom,” Richard Feynman (Feynman, 1961) said 
over 40 years ago. Significant advance in both molecular biology and nanomaterial 
science has since been made along with the great development in research instruments 
and techniques at nanometer scale. On one hand, the mystery of natural life is being 
revealed by resolving biomolecular structures. On the other hand, artificial inorganic 
nanoparticles with novel structures and physical properties are being synthesized. 
Today, at the dimensions from 1nm to 100nm, biomolecules meet synthetic 
nanoparticles (Niemeyer, 2001). The exploitation of this scientific virgin soil gives 
birth to a new discipline: nanobiotechnology (Niemeyer, and Mirkin, 2004).  
 
Synthetic inorganic nanoparticles are very promising building blocks for material 
engineering (Alivisatos, 1997). The size, composition, structure and morphology of 
inorganic nanoparticles can be controlled, resulting in disparate electronic, optical, 
magnetic and catalytic properties of inorganic nanoparticles, which are not found in 
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biomolecules. However, each type of nanoparticles is usually synthesized in bulk at 
individual system, and they hardly display the ability of molecular recognition and 
self-assembly. Moreover, their nanometer size makes it difficult to integrate various 
synthesized nanoparticles with different physical properties into functional structures 
or devices (Shipway et al., 2002). 
 
Biomolecules, on the contrary, are inherently very good at molecular recognition 
and self-assembly (Goodsell, 2004). Naturally occurring biomolecular machinery 
provides excellent platforms to assemble inorganic nanoparticles and two major 
players are DNA and proteins. The most fascinating biomolecular recognition is 
between complimentary DNA strands, they recognize each other based on Chargaff’s 
law. More diverse molecular recognitions are found among proteins, such as antibody 
and antigen, enzyme and substrate, receptor and ligand, etc. The molecular 
recognition or specific interaction also exists between proteins and DNA, such as 
transcriptional factors and operator segments of DNA. The information in living 
systems is received, stored and transmitted by means of the specific interactions of 
biomolecules. The accuracy and precision of such interactions can be proved by any 
creature on the earth. The structure of DNA or proteins could easily be tailored by 
biochemical methods or genetic engineering, which enables us to design DNA or 
proteins with desired recognition properties. 
 
Therefore, hybrid materials, coupling the unique physical properties of synthetic 
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inorganic nanoparticles with the exquisite recognition and self-assembly abilities of 
biomolecules, are expected to revolutionize materials and devices of next generation 
(Sarikaya et al., 2004). Such hybridization, however, requires conjugating motifs 
between the two nano-components (i.e. biomolecules and nanoparticles), which have 
rarely been evolved in nature, especially for the growing number of artificially 
synthesized inorganic nanoparticles (Mirkin and Taton, 2000). To address this 
challenge, protein molecules exhibit great potential to be engineered with the ability 
to specifically recognize or bind to desired inorganic nanoparticles. As evidenced by 
various biomineralization processes in nature (Lowenstam and Weiner, 1989; Mann, 
2001; Bäuerlein, 2004), protein molecules are generally responsible to interact with, 
organize and even condense specific inorganic materials. The interaction with 
inorganic materials usually involves a small stretch (or peptide) of the protein 
molecule. For novel synthetic inorganic nanoparticles, the corresponding peptide 
motif can be identified using combinatorial peptide libraries (Sarikaya et al., 2003). 
Then, the identified peptide motif can be genetically engineered into a desired protein 
to endow the protein with specific inorganic-binding ability (Dai et al., 2005; Sano et 
al., 2006; Krauland et al., 2007). This opens the way to engineer protein linkers to 





1.2 Objectives and scope 
With the aim to explore the potential of engineering protein linkers for 
assembling inorganic nanoparticles, we chose a protein-DNA conjugate, i.e. lac 
repressor protein (LacI) and its DNA operator sequence (lacO), as the biomolecular 
machinery. Synthetic SiO2 and TiO2 nanoparticles were employed as target inorganic 
nanoparticles. The LacI-lacO conjugate has been thoroughly characterized (see the 
review in Chap. 2) and is an excellent biomolecular platform for organizing inorganic 
nanoparticles. SiO2 and TiO2 nanoparticles are potential building blocks for future 
nanoeletronics and nanodevices (Cerofolini et al., 2005). The overall objective of this 
Ph.D. study is to engineer LacI protein as a linker capable of directing the assembly of 
SiO2 or TiO2 nanoparticles on DNA scaffold. Specific objectives and scopes of this 
thesis include: 
 
1) To identify peptides with specific binding affinity to SiO2 and TiO2 
nanoparticles. The peptides were isolated using combinatorial peptide 
libraries displayed on the phage surface (see the review in Chap. 2) without 
prior understanding their interaction with SiO2 and TiO2. The consensus 
peptides sequence for either SiO2 or TiO2 nanoparticles were then identified 
and used to engineer LacI.  
 
2) To investigate the mechanism of the identified peptides binding to SiO2 or 
TiO2. The chemistry of the identified peptides and SiO2 or TiO2 surface was 
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studied, and their interaction was measured using QCM-D technique (see the 
review in Chap. 2). The binding mechanism was revealed by varying 
measurement conditions and mutating peptide sequences.  
 
3) To genetically engineer LacI with the identified peptides and to investigate 
the mechanism of engineered LacI binding to SiO2 and TiO2. LacI was 
genetically fused with the identified peptides to create a fusion protein (or 
engineered LacI) in a way that the engineered LacI was able to bind to DNA 
as well as SiO2 or TiO2 nanoparticles simultaneously. The binding behavior 
of wild-type LacI and engineered LacI to SiO2 or TiO2 was measured and 
compared.  
 
4) To assemble SiO2 or TiO2 nanoparticles on DNA scaffold using engineered 
LacI as a linker. The assembly of a sandwich nanostructure of 
DNA/engineered LacI/SiO2-or-TiO2 NPs was demonstrated and imaged. 
 
5) To study the contextual influence of displayed peptides on their binding 
affinity and/or selectivity to target materials. The binding behavior of 
identified peptides on TiO2 and SiO2 surfaces in various contexts including 





1.3 Outline of the thesis 
This thesis is composed of eight chapters. Chapter 1 describes the motivation and 
defines the objectives and scope of the work. The current literatures relevant to this 
study are reviewed in Chapter 2. Experimental works and main findings are presented 
and discussed from Chapters 3 to 7. Chapter 8 concludes the thesis and gives 
suggestions for further study. An overview of the investigations in this thesis is 
illustrated in a flow chart on page 10.  
 
In Chapter 3, disulfide-bond constrained heptapeptides with specific binding 
affinities to SiO2 and TiO2 NPs were isolated in the two independent selections using 
phage surface display technique. Interestingly, a dominant peptide sequence (STB1, 
-CHKKPSKSC-) emerged with cross-binding affinity to both metal oxides, and is 
enriched with basic amino acid residues. The mechanism of STB1 binding to SiO2 
and TiO2 was subsequently investigated by measuring the binding behaviors of phage 
particles harboring the STB1 (STB1-P) in a wide pH range using quartz crystal 
microbalance with energy dissipation measurement (QCM-D). The pH-dependent 
surface charge of SiO2 and TiO2 NPs was also studied by zeta-potential measurements. 
It was found that the binding of STB1-P to the two metal oxides were clearly 
mediated by the STB1 moiety displayed on the phage surface in a pH dependant 
manner, indicating that the binding is largely governed by electrostatic interaction. 
Furthermore, the interpretation of QCM-D signals (i.e. frequency shift and dissipation 
shift), with the aid of AFM image analysis of the phage particles bound on the surface 
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of the two metal oxides, elucidated whether the nature of phage (or the displayed 
peptide) binding to the metal oxides is largely specific or non-specific. 
 
In Chapter 4, in order to probe the contribution of each amino acid of STB1 to its 
interaction with SiO2 or TiO2, various point mutants of STB1 peptides were created 
on phage surfaces using oligonucleotide-directed mutagenesis. Their binding affinity 
was measured using QCM-D and compared. The three K residues of STB1 were 
found to be essential and sufficient for binding phage particles to SiO2 and TiO2. 
Mutants with more K residues than STB1 did not show stronger but weaker binding 
affinity due to their unfavorable conformations for aligning K residues, which was 
illustrated by the peptide conformations predicted using molecular dynamics 
simulations. The contextual influence of non-charged residues on STB1’s binding 
affinity was also investigated.  
 
In Chapter 5, STB1 was genetically engineered into the C-terminus of LacI to 
create LacI-STB1, and the inserted STB1 peptides in the context of LacI-STB1 
molecules were shown to actively interact with both SiO2 and TiO2 while 
LacI-STB1’s DNA-binding domain was kept intact. QCM-D was used to 
quantitatively investigate the binding behavior of wild-type LacI and LacI-STB1 to 
both SiO2 and TiO2 surfaces. Wild-type LacI was found to interact with the two 
surfaces at its flexible N-terminal DNA binding domain with high strength (Kd = 18.6 
nM on SiO2 surface, Kd = 16.6 nM on TiO2 surface). With a second binding region 
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(STB1 peptides) at its C-terminus, LacI-STB1 exhibited much stronger binding 
affinity to SiO2 (Kd = 2.23 nM) and TiO2 (Kd = 4.07 nM). The quantitative analysis of 
binding kinetics revealed that, compared to wild-type LacI with one binding region 
(N-terminus), two remote binding regions (N-terminus and C-terminus) in LacI-STB1 
did not lead to faster rates of adsorption to the two metal oxides, but remarkably 
slowed down the desorption rates. 
 
In Chapter 6, following the understanding of LacI-STB1 interaction with SiO2 
and TiO2 in Chapter 5, the successful use of LacI-STB1 as a protein linker to 
assemble a sandwich nanostructure of DNA/LacI-STB1/TiO2 NPs was demonstrated 
using real-time surface plasmon resonance (SPR) measurements. The 
LacI-STB1-mediated assembly of TiO2 NPs on a single circular plasmid DNA was 
imaged using TEM.  
 
In Chapter 7, with the concern that host context and Cys-Cys constraint of 
inorganic-binding peptides may affect their binding behavior to target inorganic 
materials, the binding behavior of STB and its linear version LSTB1 
(-AHKKPSKSA-) on TiO2 and SiO2 surfaces was investigated in three different 
contexts (i.e. free peptides, phage particles displaying peptides and LacI-peptide 
fusion protein) using QCM-D. The binding kinetics of STB1 and LSTB1 in the 
context of fusion protein to either metal oxide was quantitatively analyzed. LSTB1 
showed similar binding behavior on both TiO2 and SiO2 surfaces. In the context of 
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phage-displayed and LacI-hosted peptides, STB1 was found to have weaker binding 
affinity than LSTB1 for either metal oxide, but it was able to distinguish between 
SiO2 and TiO2. This is probably because LSTB1 has a much more flexible structure 
than STB1 as shown by the molecular dynamics simulation. The structural flexibility 
of LSTB1 enables it to explore a wider range of conformations to maximize its 
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2.1 Harnessing biomolecules for assembly of inorganic nanoparticles  
With unique molecular recognition abilities, biomolecules are employed as 
cross-linkers in the organization of synthetic inorganic nanoparticles into two- or 
three-dimensional arrays. Proteins and DNA, the two major biomolecules having 
intrinsic molecular recognition ability, are being explored to conjugate with desired 
nanoparticles and to assemble them together. Proteins have very versatile molecular 
recognition capabilities as manifested by the specific interactions between antibodies 
and antigens, ligands and receptors, enzymes and substrates, as well as the 
mineralization processes in living organisms. This makes protein a very promising 
mediator to assemble inorganic nanoparticles. For example, Mann et al. utilized the 
highly specific recognition properties of antibodies and antigens to program the 
self-assembly of gold nanoparticles in aqueous solution (Mann et al., 2000). 
Anti-DNP (DNP, dinitrophenyl) IgE antibodies were chemisorbed onto gold 
nanoparticles. A bivalent antigen comprising two DNP head groups were synthesized. 
The nanoparticles were then cross-linked through the antibody-antigen recognition. In 
addition, the well-known streptavidin/biotin cross-linking was also employed (Mann 
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et al., 2000). In their work, gold nanoparticles with a disulfide biotin analogue were 
chemisorbed. Then, these biotin-functionalized nanocrystals were cross-linked by 
subsequent addition of streptavidin through multi-site interaction. The aggregation of 
gold nanocrystals were easily monitored by dynamic light scattering, and a red to 
purple color change in the solution was observed, which is due to the 
distance-dependent optical properties of gold nanoparticles.  
 
Besides proteins, DNA is another excellent candidate to serve as assembling and 
fabricating material in nanoscience due to the precise A-T and G-C hydrogen bonding. 
Moreover, DNA sequences can be easily synthesized in large quantity and precisely 
cut by restriction enzymes, making itself a good nano-building block. Mirkin and 
Mucic et al. have used DNA hybridization to assemble gold nanoparticles into two- 
and three-dimensional structure (Mirkin et al., 1996; Mucic et al., 1998). In one case, 
monodispersed gold particles were coupled with two non-complementary 
oligonucleotides by thiol adsorption. These two oligonucleotides are complementary 
to the two sticky single-stranded ends of a third DNA molecule, which contains a 
double stranded region in the middle. When the third DNA molecule is introduced to 
the suspension of oligonucleotide-functionalized gold particles, it can anneal with the 
oligonucleotides and thereby link the gold particles together. As the number or 
distribution of oligonucleotides attached to each gold particle is not controlled, the 
gold particles can be linked at any stoichiometry or direction. To control the 
stoichiometry and architecture of nanomaterials, Alivisatos and Loweth et al. 
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synthesized well-defined monoadducts from commercially available 1.4-nm gold 
clusters (Alivisators et al., 1996; Loweth et al., 1999). These gold particles contain a 
single reactive maleimido group and one thiolated 18-mer oligonucleotide. By using a 
single-stranded DNA template which contains sequence stretches complementary to 
the 18-mer oligonucleotide, the gold particles can assemble along the DNA template. 
This allows the rational construction of well-defined nanocryastalline molecules. 
 
As evidenced by the examples above, in order to utilize biomolecules to assemble 
inorganic nanoparticles, the methods to conjugate desired biomolecules with target 
inorganic nanoparticles should be developed first. The major strategies are reviewed 
in section 2.2. 
 
2.2 Functionalization of nanoparticles using biomolecules 
There are two strategies to conjugate biomolecules and nanoparticles (Niemeyer, 
2001) as illustrated in Figure 2.1. One is to modify the surface chemistry of 
nanoparticles to enable it to form covalent bonds with biomolecules (Figure 2.1A). In 
most cases, the biomolecules have to be chemically tagged with some reactive groups 
as well, which are able to couple with the modified surfaces of nanoparticles. In 
another word, the interface between biomolecules and inorganic nanoparticles 
consists of a linker attached to the surface of the nanoparticles and a functional 
coupling group (FG) tagged to biomolecules. There is a specific and strong interaction 
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(usually covalent bond) between the linker and FG. FGs in various 
DNA/protein-nanoparticles systems have been developed so far, and some linker-FG 
based assemblies of nanoparticles have been successfully demonstrated (Connolly and 
Fitzmaurice, 1999; Mirkin, 2000).  
 
However, linker-FG based recognition is applicable only in vitro since selective 
conjugation of nanoparticles with biomolecules is difficult to realize in vivo. 
Additional challenge for linker-FG based approach is that highly pure biomolecules 
have to be purified in bulk first, and the subsequent chemical tailoring processes are 
usually costly. If the biomolecules are not tailored, linkers on the surfaces of inorganic 
nanoparticles are difficult to selectively conjugate with target biomolecules. Once 
biomolecules could be endowed with the ability to recognize target nanoparticles, it 
would directly conjugate with desired nanoparticles either in vitro or in vivo without 
any additional tailoring of either biomolecules or inorganic nanoparticles. This is what 








Figure 2.1 Two strategies to conjugate biomolecules with inorganic materials. (A) 
Nanoparticle surface and biomolecule are tailored with linker and FG respectively. (B) 
Naturally occurring or artificially identified peptides directly recognize target 
inorganic nanoparticles. Peptides can be genetically fused to desired proteins (adapted 
from the ref. Niemeyer, 2001). 
 
Could biomolecules selectively recognize nanoparticles and bind to them? The 
clue to this question can be found in nature. As evidenced by various 
biomineralization processes, protein molecules are able to recognize, organize and 
even condense specific inorganic materials. For example, silcateins in sponges 
(Shimizu et al., 1998) and silaffins in diatoms (Kröger et al., 1999) are two kinds of 
proteins responsible for silica formation and able to recognize silica nanoparticles. 
The interaction with inorganic materials usually involves a small stretch (or peptide) 
of the protein molecule. It is obvious that proteins are superior to DNA in the 
inorganic-recognition ability because the combination of twenty different amino acids 
(building blocks for protein molecules) offers much more diversity in chemistry and 
conformations than the combination of four nucleotides (building blocks for DNA 
molecules). Actually, proteins are envisioned as potential functional components to 
build smart nanodevices (Lowe, 2000; Astier et al., 2005). Currently, many research 
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efforts are focused on harnessing proteins to mediate the assembly of nanostructure 
(Zhang, 2003; Ringler and Schulz, 2003) and to interface inorganic nanomaterials 
with organic components (Sarikaya et al., 2003). In this aspect, some naturally 
occurring proteins have been readily employed. An excellent example is S-layer 
(bacterial surface-layer) lattice comprising self-assembled identical protein units. The 
uniform structure of S-layer makes it an exquisite template to pattern and even 
synthesize inorganic nanoparticles (Shenton et al., 1997; Gyorvary et al., 2004). This 
remarkable property of S-layer protein is underlined by its molecular recognition 
ability, which however is largely restricted to biological systems (Goodsell, 2004). 
 
Despite the encouraging examples from nature, there is no rational route to 
identify a protein molecule with specific binding affinity to novel synthetic inorganic 
materials due to poor understanding of the complicated interaction between protein 
molecules and inorganic materials (Nakanishi et al., 2001; Gray, 2004; Patwardhan et 
al., 2007; Baneyx and Schwartz, 2007). Currently, this problem is circumvented by 
using combinatorial peptide libraries, which enables us to isolate peptides with 
specific binding affinity to target inorganic materials without prior knowledge about 
the interaction between peptides and target inorganic materials (Sarikaya et al., 2003 
and 2004; Kriplani and Kay, 2005; Baneyx and Schwartz, 2007). Then, desired 
proteins can be genetically engineered with the isolated peptides to gain the 
inorganic-binding ability (Dai et al., 2005; Sano et al., 2006; Krauland et al., 2007). 
Up to date, three main techniques pertaining to combinatorial peptide libraries have 
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been developed: phage surface display technique (Smith, 1985), cell surface display 
technique (Samuelson et al., 2002) and ribosome-mRNA display technique (Lipovsek 
and Pluckthun, 2004). The properties of these peptide-display techniques are reviewed 
and the rationale for using phage surface display library in this study is discussed 
below. 
 
2.3 Combinatorial approaches in search of inorganic-binding peptides  
Peptide-display libraries are combinatorial biology techniques, initially developed 
to identify epitopes of antibodies, study protein-ligand interactions, and isolate 
proteins or enzymes showing specific binding properties for desired ligands 
(Smothers et al., 2002). Simply, each peptide library contains numerous peptides with 
randomized sequences as part of a parental protein. The randomization of peptide 
sequences results from randomized DNA sequences, which are inserted into the gene 
of the parental protein employed in each display technique. In each type of peptide 
library, the phenotype (i.e. peptides) is linked with the corresponding genotype (i.e. 
DNA) (Doi and Yanagawa, 2001). While ribosome-mRNA display technique (RD) 
does not involve any microorganism, the parental protein in phage surface display 
(PSD) is on the surface of phage particles and the parental protein in cell surface 
display (CSD) is on the surface of bacteria.  
 
RD differs from the other two as it is an in vitro technique (Lipovsek and 
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Pluckthun, 2004). A combinatorial DNA library is transcribed first into an mRNA 
library in vitro. Each of resulting mRNAs is then translated into the corresponding 
protein in vitro when the ribosome travels along the mRNA. Finally, each particular 
protein and its mRNA are coupled by ribosome as a complex. These products could 
be panned on a target species, usually a ligand, to allow the proteins to interact with 
the immobilized ligand. Weak binders or non-binders are eliminated by repetitive 
washes and strong binders are eluted and collected. The mRNA are then dissociated 
from these collected complexes and converted to cDNA by reverse transcription. 
cDNA products are amplified by PCR and subject to sequencing. Finally, the amino 
acid compositions of the selected peptides are deduced from the cDNA-sequencing 
results. RD could generate large peptide libraries with diversity of 1014 to 1015, which 
could cover almost all the possible permutations of decapeptides comprising 20 
natural amino acids. However, its demand for a significant level of expertise and 
commercial unavailability make it not applicable in searching for inorganic binding 
peptides. To date, RD has not been reported to be used for the isolation of peptides 




Figure 2.2 Principles of the protocols used for selecting peptides that have binding 
affinity to given inorganic substrates (Sarikaya et al., 2003). 
 
In contrast to RD, CSD and PSD are in vivo techniques, and both of them are 
commercially available and have been used to identify peptides with specific affinity 
to many inorganic materials (Sarikaya et al., 2003). For CSD, a protein localized on 
the surface of each cell (e.g. E. coli flagellar proteins) is the parental protein to harbor 
one peptide sequence of the library, i.e. the peptides are displayed on the surface of 
cells (Lee et al., 2003). By standard molecular biology techniques, DNA sequences 
for displayed peptides can be randomized and inserted into a defined region of the 




Ideally, each cell in the library will contain a unique DNA sequence inserted into 
the parental protein’s gene and synthesize a unique version of the fusion proteins on 
its surface (step 3). The generated CSD library can be applied to a biopanning process 
(steps 4-7) against any inorganic material of interest. Biopanning is usually carried 
out repetitively for several rounds to enrich the population of strong binders. 
Sequences of selected peptides can be revealed by sequencing the DNA encoding the 
parental protein (steps 8&9). So far, CSD has been used to identify peptides that 
recognize MnO2 (Schembri et al., 1999), Cr2O3 (Schembri et al., 1999), CoO 
(Schembri et al., 1999), PbO2 (Schembri et al., 1999), Fe2O3 (Brown, 1992), Au 
(Brown, 1997), ZnO (Kjaergaard et al., 2000; Thai et al., 2004), zeolites (Nygaard et 





Figure 2.3 (a), the filamentous virus highlighting the protein pIII (orange) and protein 
pVIII (green) regions of the virus; (b), magnification of single stranded DNA showing 
both the gene III region and the gene VIII region used to separately engineer the 
specific peptide into a biological viral template; and (c), the two structures of protein 
III peptide inserts available in commercially purchased libraries (Flynn et al., 2003). 
 
Instead of bacteria, a simpler microorganism, bacteriophage, is used in PSD to 
display peptides on the surface of phage particles (Kay et al., 1996). The most popular 
PSD systems are supplied by New England Biolabs (Beverly, Massachusetts, USA) as 
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illustrated in Figure 2.3, which employ the minor coat protein pIII of filamentous 
phage M13 as the parental protein. M13 is a well-characterized Ff phage. It is a 
thread-like bacterial virus and consists of a single-strand circular DNA inside and a 
protein coat outside. It is around ~880 nm in length (depending on the length of its 
DNA) and 6.6 nm in diameter (Lee et al., 2002). Protein pIII is one of its coat proteins 
with a copy number of ~5, and expressed (together with pVI) at one end of the phage 
particle. At another end are ~5 copies of protein pVII and pIX. The majority of phage 
body is covered by ~2700 copies of protein pVIII. The PSD library is created by 
inserting randomized DNA sequences just before the mature gene coding for pIII, 
which enables the peptides to be expressed at the N-terminus of fusion pIII (Figure 
2.3c). Dodecapeptide PSD library is available only in linear forms. For heptapeptide 
PSD libraries, both linear and disulfide-bond constrained forms are available. The 
latter is constructed by flanking the random heptapeptide with two cysteine residues 
that form a disulfide bond, which leads to the display of the heptapeptide in a loop 
structure. The loop structure constrains the heptapeptide in limited conformations. 
The protocol of using PSD for selecting inorganic-binding peptides is quite similar to 
that of using CSD (Figure 2.2). However, the platform of PSD, phage, is simpler than 
that of CSD, bacteria. Thus, PSD-based biopanning process would be less vulnerable 
than CSD-based one to variations in the panning conditions, which renders PSD easy 
to handle even for researchers without sophisticated molecular biology experience. 
Therefore, PSD has been more widely used to isolate inorganic-binding peptides and 
proved to be a powerful approach (Kriplani and Kay, 2005). PSD has been used in 
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search of peptide moieties cognitive of various targets including GaAs (Whaley et al., 
2000), ZnS (Lee et al., 2002; Flynn et al., 2003), CdS (Flynn et al., 2003), SiO2 (Naik 
et al., 2002a; Eteshola et al., 2005), Ag (Naik, et al., 2002b), Pt (Sarikaya et al., 2003), 
Pd (Sarikaya et al., 2003), Ti (Sano and Shiba, 2003), CaCO3 (Li et al. 2002), carbon 
nanotubes (Wang et al., 2003) and carbon nanohorns (Kase et al., 2004). Although 
silica-precipitating peptides have been identified elsewhere (Naik et al., 2002a; 
Eteshola et al., 2005) using phage display technique, constrained heptapeptide 
libraries have not been used to the best of our knowledge. Furthermore, the nature of 
amino acids interacting with SiO2 has not been well understood (Willett et al., 2005). 
 
2.4 Mechanism of peptide binding to target inorganic materials 
 With more and more inorganic-binding peptides being identified using 
combinatorial peptide libraries, the mechanism of identified peptides binding to target 
inorganic materials is gradually being addressed. In the study of a Ti-binding peptide 
(Sano and Shiba, 2003), the binding affinity of the peptide was found to be affected 
by substituting non-charged residues with A residue, and the mechanism was assumed 
to be electrostatic interaction. The effect of neighboring residues on the binding of H 
residues to inorganic surfaces was extensively studied (Peelle et al., 2005), but the 
underlying mechanism of how the contextual residues influence the binding of H 
residues was not revealed. Beside the amino acid sequence, peptides’ local context 
and the host where peptides are displayed are also found to affect their inorganic 
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binding behavior. In several recent studies, the Cys-Cys constraint has been reported 
to affect peptide’s inorganic-binding affinity to various extents. For Al2O3-binding 
peptides displayed on the yeast surface (Krauland et al., 2007), Krauland et al. 
concluded that the binding of isolated peptides to Al2O3 arose from the electrostatic 
interaction between positively charged residues and negatively charged Al2O3 surface; 
compared to the linear peptide, the Cys-Cys constrained version did not show weaker 
but comparable binding affinity. For peptides cognitive of another metal oxide, Cu2O, 
it was found that the positively charged R residues had only modest contribution to 
the peptide’s binding affinity to Cu2O, while the presence of the peptide in a Cys-Cys 
constrained loop was critical for the binding (Choe et al., 2007). Linear version of the 
Cu2O-binding peptide did not bind to Cu2O at all, whereas the cyclic version bound to 
Cu2O either in the free form or in the context of a host protein. Seker et al. 
investigated the binding behavior of free linear or cyclic Pt-binding peptide (Seker et 
al., 2007). It was found that each peptide exhibited different Langmuir adsorption 
behavior and the cyclic one showed a much larger adsorption rate, which was 
attributed to the different conformations adopted by the linear and cyclic peptides. 
These studies show that the Cys-Cys constraint does not have a universal influence on 
the binding behavior of peptides to inorganic materials. 
 
Recently, Patwardhan et al. summarized many chemical and physical factors that 
might contribute to peptides’ inorganic binding property (Patwardhan et al., 2007). 
However, the contribution of each factor to peptides’ inorganic-binding property is not 
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clear in most studies because the interaction between proteins or peptides with 
inorganic surfaces is so complicated that it is quite challenging to reveal the 
mechanism at atomic level using either experimental methods or theoretical 
simulations (Nakanishi et al., 2001; Gray, 2004; Patwardhan et al., 2007). 
 
2.5 LacI-lacO conjugate as a logic switch 
In the endeavor for assembling inorganic nanoparticles using biomolecular 
machinery, sequence specific protein-DNA conjugates are attractive simple platforms. 
Different protein-DNA conjugates have been exploited to manipulate gold 
nanocrystals (Yun et al., 2002), fabricate gold nanowires (Keren et al., 2002), produce 
regularly spaced array of gold nanocrystals (Li et al., 2004), and organize Cu2O NPs 
(Dai et al., 2005). Among many protein-DNA conjugates, lac repressor (LacI) and its 
DNA operator sequence (lacO) is one of the most thoroughly characterized 
protein-DNA binding systems (Matthews and Nichols, 1998). The LacI-lacO system, 
first reported by Muller-Hill et al. (Muller-Hill et al., 1971), is a very specific 
protein-DNA recognition conjugate with an extremely high affinity, Kd = 10-11 to 10-13 
M (Falcon and Matthews, 2000). The crystal structure of LacI-lacO conjugate is well 
resolved as represented in Figure 2.4 (Lewis et al., 1996), and the mechanism of LacI 







Figure 2.4 Crystal structure of wild-type LacI conjugated with lacO sequence 
(generated from PDB file 1LBG using Accelrys Discovery Studio, v1.7). The 
wild-type LacI comprises four identical subunits and each subunit (depicted in 
different colors) has 360 amino acids. The approximate dimensions of tetramer LacI 
are 7.8 nm × 7.9 nm × 7.7 nm. In each subunit, the DNA binding domain consists of 
the N-terminal ~50 amino acids, which are linked to the core domain (amino acids 
60-340) through a hinge region (amino acids 51-59). The large core domain contains 
the inducer binding site and monomer-monomer subunit interface. The C-terminus 
(amino acids 340-360) serves as the dimer-dimer interface. The hinge region is very 
flexible, which makes the structure of N-terminal 1-61 residues disordered in the 
absence of DNA. This structural flexibility is necessary for LacI’s nonspecific 




LacI-lacO is a switch to control the transcription of the genes located at the 
downstream of promotors. The N-terminus of LacI specifically and tightly binds to 
lacO, thereby blocking the access of RNA polymerase to the promoters hence the 
transcription of the downstream genes adjacent to lacO. However, LacI-lacO binding 
is reversible and can be modulated by incorporating inducer molecules (e.g. lactose, 
IPTG) to LacI’s core domain. The binding of inducer molecules to LacI triggers a 
conformational change of LacI, which dramatically reduces its affinity to lacO. This 
feature makes LacI-lacO a potential logic switch for future nanodevices harnessing 
nanoelectronic particles.  
 
Recently, Calabretta and co-workers engineered LacI to enable it to 
simultaneously bind to gold nanocrystals and lacO (Calabretta et al., 2006). They 
observed a strong binding affinity of wild-type LacI to gold nanocrystals and 
attributed this nonspecific conjugation to its N-terminal DNA binding domain (DBD). 
By mutating a C-terminal residue of LacI to cysteine, they enabled the LacI mutant to 
capture gold nanocrystals through gold-sulfur bond at its C-terminus, while leaving 
the N-terminal DBD free to interact with lacO. However, their efforts have been 
directed to the formation of chemical bonds between the amino acid residues (i.e. 
cysteine) and inorganic nanoparticles (i.e. Au), which poses a significant obstacle for 
engineering DNA binding proteins to recognize inorganic nanoparticles because the 
side chains of amino acids might not provide the necessary functional groups 
conducive to capturing various inorganic materials via chemical bonding. 
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Furthermore, quantitative evaluation of the binding phenomena between engineered 
proteins and inorganic surfaces, which is essential to understanding the underlying 
binding mechanism, is largely missing despite its importance in the engineering of 
protein components for applications in nanobiotechnology (Gray, 2004; Baneyx and 
Schwartz, 2007). 
 
2.6 Exploring the interaction between biomolecules and inorganic surfaces using 
QCM-D 
Quartz crystal microbalance with energy dissipation measurement (QCM-D) is a 
surface sensitive technique, being widely used to monitor surface and interface 
processes (Janshoff et al., 2000; Marx, 2003; Steinem and Janshoff, 2007). In a 
QCM-D measurement, the quartz crystal undergoes shear oscillation at its resonant 
frequency by a periodically on-and-off voltage (Figure 2.5). The mass adsorbed on the 
quartz crystal oscillates together with the crystal and thus reduces its resonant 
frequency. If the adsorbed film is thin and rigid, the mass uptake (Δm) can be 
correlated to the frequency change (Δf) by Sauerbrey relation (Sauerbrey, 1959):  
f
n
Cm Δ−=Δ  (2.1)
where C is the mass sensitivity constant (for an AT-cut quartz crystal with 5 MHz 





Figure 2.5 Schematic illustration of the QCM-D system. The upper image shows the 
principle of QCM-D measurement. The lower two images shows how the Δf and ΔD 
are measured.  
 
For the adsorption of biomolecules in liquid phase, however, water is usually 
coupled with the biomolecules, rendering the biofilm soft and viscoelastic. A soft and 
viscoelastic biofilm is usually not able to fully follow the shear oscillation of the 
crystal, thereby damping the oscillation magnitude and dissipating the oscillation 
energy of the crystal (Rodahl et al., 1997). The magnitude of such energy dissipation 
(D factor, see equation 2.2) is recorded simultaneously with f during QCM-D 









where Elost is the energy dissipated during one oscillation cycle and Estored is the total 
energy stored in the oscillating crystal. For a given adsorption process, Δf represents 
effective mass loading due to the adsorbates and the solvent entrapped, while ΔD is a 
qualitative assessment of flexibility/viscoelasticity of the adsorbed material and its 
structural property (Rodahl et al., 1995 and 1997). 
 
The QCM-D technique has previously been used to study the binding of phage 
particles displaying Ti-binding peptides to Ti surface (Sano and Shiba, 2003) where 
the D response reflects the specific adsorption of the phages through the Ti-binding 
peptides. In this study, the application of QCM-D is further extended to investigate 
the binding mechanism of phages and proteins with or without a peptide motif 
exhibiting binding affinity to TiO2 or SiO2. With combined analysis of frequency 
shifts (Δf) and changes in energy dissipation (ΔD), unique QCM-D response 
signatures representative of the nature of the interaction between the phages and metal 
oxides are deduced at various pH conditions. The binding behavior (kinetics and 
affinity) of wild-type LacI and engineered LacI to planar SiO2 and TiO2 is also 






SELECTION OF PEPTIDES WITH SPECIFIC BINDING 
AFFINITY TO SIO2 AND TIO2 NANOPARTICLES, AND 




Biomolecules and inorganic NPs are the two protagonists in the newly-born 
nanobiotechnology owing to their nanometer-scaled dimensions (Niemeyer, 2001).  
Hybrid materials, coupling the unique physical property of synthetic inorganic NPs 
(Alivisatos, 1997) with the exquisite recognition (or self-assembly) capability of 
biomolecules (Zhang, 2003), are thus expected to revolutionize materials and devices 
of next generation (Sarikaya et al, 2004). Such hybridization, however, requires 
recognition motifs between the two nanocomponents (i.e. biomolecules and NPs), 
which have rarely been evolved in nature, especially for the growing number of 
artificially-synthesized inorganic nanomaterials (Mirkin and Taton, 2000). To address 
this dilemma, several combinatorial biological techniques have emerged as the new 
and efficient methods, facilitating the exploration of such affinity motifs enabling the 
conjugation of biomolecules with inorganic materials by displaying a huge number of 
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random peptide sequences on the surface of phage (Smith, 1985), bacteria (Samuelson 
et al, 2002), or in the complex with mRNA and ribosome (Lipovsek and Pluckthun, 
2004). In particular, phage surface display technique has proved to be a powerful 
approach (Kriplani and Kay, 2005). Using phage surface display technique, the 
peptides capable of specifically recognizing a number of inorganic materials have 
been successfully isolated (see Chap. 2 for detailed review). 
 
SiO2 is an important component on the silicon chip, mainly existing as a thin 
insulating film on top of which an intricate network of nano-scaled features is 
sculptured (Cerofolini et al., 2005a). TiO2 is an n-type semiconductor and a typical 
photocatalyst, finding main applications in environmental purification, solar cell and 
cosmetics (Regan and Gratzel, 1991; Linsebigler et al., 1995; Hoffman et al., 1995). 
Both of them could be potential building blocks in nanobiotechnology. Recently, 
nanostructured materials comprising metal oxides such as SiO2 have attracted 
considerable attention in the fields of nanoeletronics and nanodevices (Cerofolini et 
al., 2005b). In this chapter, a disulfide bond constrained heptapeptide library 
displayed on the phage surface is used to search for peptides with specific affinity to 
synthetic TiO2 and SiO2 NPs. Although silica-precipitating peptides have been 
identified elsewhere (Naik et al., 2002) using phage display technique, constrained 
heptapeptide libraries have not been used to the best of our knowledge. Furthermore, 
the nature of peptide interaction with inorganic materials including metal oxides has 




The QCM-D technique has previously been used to study the binding of phages 
displaying Ti-binding peptides to Ti surface (Sano and Shiba, 2003) where the D 
response reflects the specific adsorption of the phages through the Ti-binding peptides. 
In this chapter, the application of QCM-D is further extended to investigate the 
binding mechanism of phages with or without a peptide binding moiety exhibiting a 
cross binding affinity to both TiO2 and SiO2. With combined analysis of frequency 
shifts (Δf) and changes in energy dissipation (ΔD), unique QCM-D response 
signatures representative of the nature of the interaction between the phages and metal 
oxides are deduced at various pH conditions. Concurrently, atomic force microscopy 
(AFM) measurement in liquid phase is employed to characterize the morphology of 
phages bound to TiO2 and SiO2 in order to verify the binding behaviors deduced from 
QCM-D measurement.  
 
3.2 Experimental Section 
 
3.2.1 Isolation of inorganic-binding peptides 
A phage display library of disulfide bond constrained heptapeptide (Cat#: E8120S) 
was purchased from NEB (New England Biolabs), Beverly, MA, USA. TiO2 (anatase) 
and SiO2 NPs of ~50 nm in diameter were purchased from Meliorum Technologies, 
Ithaca, NY, USA. These NPs were synthesized in aqueous solutions without any 
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coating materials. Both the phage library and NPs were used as received. The NPs 
were dispersed into TBST buffer (50 mM Tris-HCl, 150 mM NaCl, pH 7.5, and 
increasing concentrations of Tween-20 starting from 0.1% at the first round) to give a 
final concentration of 0.4 mg/ml of SiO2 NPs and 2.7 mg/ml of TiO2 NPs, respectively. 
10 μl of the original phage library (~2×1011 virions, library size or complexity 
(different clones) = 1.2×109 as claimed by NEB) was added into 1 ml of nanoparticle 
suspension prepared as above and incubated at room temperature with mild agitation 
for 1 hour (Figure 3.1, step 1&2). Unbound phages were then separated from the NPs 
by high-speed centrifugation (18,000g, 10 min for SiO2 NPs and 1,300g, 0.5 min for 
TiO2 NPs) and were subsequently removed by decanting the supernatant (Figure 3.1, 
step 3). The pellet of NPs with bound phages was washed ten times with TBST (note 
that the concentration of Tween-20 was increased by 0.1% following each round of 
biopanning to impose a greater selection pressure). The phages remaining bound to 
NPs were eluted with 1 ml of 0.2 M glycine-HCl (pH 2.2) and finally neutralized with 
150 μl of 1 M Tris-HCl (pH 9.1). The eluted phages were amplified for next round of 
biopanning according to the protocol given by the NEB (Figure 3.1, step 4). Six 
rounds of biopanning were conducted for either SiO2 or TiO2 NPs in order to extract 
consensus peptides. The eluted phages from the sixth round were titered on agar 
plates and 24 individual phage clones were sampled (Figure 3.2). The sampled clones 
were amplified separately and their DNA were extracted and sequenced to recover the 





Figure 3.1 Schematic illustration of the biopanning process of isolating peptides 




Figure 3.2 Image of an agar plate with individual blue phage plaques. Each plaque 







3.2.2 Phage binding assay 
The binding affinity and specificity of selected peptides to their target NPs were 
assessed by counting the plaque forming unit (pfu) of the peptide displaying phages 
bound to TiO2 and SiO2 NPs. Wild-type M13 phages (W-M13) with no displayed 
peptide on their surface were used as control. An equal amount of phages (~5 × 1010 
pfu) was incubated with 0.4 mg/ml of SiO2 NPs or 2.7 mg/ml of TiO2 NPs in 1 ml 
TBS buffer (50 mM Tris-HCl, 150 mM NaCl, pH 7.5). After 1 hour incubation, the 
NPs were washed three times with TBS and bound phages were eluted as described 
for the biopanning. The eluted phages were titered on agar plates. 
 
3.2.3 Zeta potential measurement of surface charge of TiO2 and SiO2 NPs 
The same TiO2 and SiO2 NPs used in the biopanning were dispersed into TBS 
buffer and the suspension pH was adjusted from 1.0 to 13.0 with 0.5 N HCl or 0.5 N 
NaOH. The suspension at each pH was taken for zeta potential measurement using a 
“ZetaPlus” zeta potential analyzer (Brookhaven, Holtsville, NY, USA). 
 
3.2.4 QCM-D measurements 
The simultaneous measurement of f and D was undertaken using the QCM 
system from Q-Sense AB (Gothenburg, Sweden). 5 MHz, AT-cut quartz crystal was 
coated at one side with SiO2 or Ti (Q-Sense AB, Cat#: QSX 303, QSX 310). 
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Immediately prior to use, the SiO2 and Ti surface was cleaned in a standard UV/ozone 
chamber for 30 min and subsequently washed with DI water. Using XPS (X-ray 
photoelectron spectroscopy) analysis, we proved that a layer of TiO2 was formed on 
the Ti-coated quartz crystal following the UV/ozone treatment (see the XPS spectrum 
in Figure 3.3). The QCM measurement was conducted in a stagnant liquid cell where 
the solution contacts the SiO2 or TiO2 side of the quartz crystal sensor. The solution 
and the liquid cell were temperature stabilized at 24.0 ± 0.1 °C in order to avoid drifts 
in f and D. For each measurement, TBS buffer at desired pH was first loaded into the 
liquid cell. Following the achievement of stable baselines for f and D, phage solution 
diluted in the same buffer was added into the liquid cell to replace the TBS buffer. 
The concentration of all the phage samples used in the QCM-D measurements was 
adjusted to 7 ± 1 ×109 pfu/ml. The f and D values measured at the third overtone were 
presented for analysis. 









3.2.5 AFM characterization 
The morphology of bound phages was studied using a MultiMode Scanning 
Probe Microscope and a Nanoscope IIIa controller (Veeco, Woodbury, NY). All the 
measurements were undertaken in fluid using tapping mode. The tapping mode 
measurement is superior to contact mode measurement for the investigation of soft 
biological materials, as it minimizes the lateral shear force between AFM tip and 
samples. A fluid tip with spring constant of 0.32 N/m (Veeco, Model: NP-S20) was 
used. The SiO2- or TiO2-coated quartz crystal used for QCM-D measurement was 
employed as the substrate for AFM measurement. The quartz crystal was incubated 
with phages in TBS buffer (7 ± 1 ×109 pfu/ml) at room temperature for 1 hour and 
washed 3 times using TBS buffer prior to taking AFM images. 
 
3.3 Results and Discussion 
 
3.3.1 Peptide isolation 
Following the six rounds of biopanning with SiO2 or TiO2 NPs, 24 individual 
phage clones were sampled and their DNA sequences analyzed. Table 3.1 lists the 
peptide sequences recovered from the 24 phage clones selected for SiO2 and TiO2 NPs, 
respectively. Surprisingly, a consensus peptide sequence (-CHKKPSKSC-) was found 
from both peptide binder pools for SiO2 and TiO2 NPs (i.e. SiC1 and TiC1), exhibiting 
a cross binding affinity to both metal oxides. Although the possibility of phage 
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contamination between the two distinct biopanning experiments run in parallel cannot 
be totally excluded, the dominance of STB1 in both sampling pools and the results of 
QCM-D binding study presented in the later section definitely suggests its cross high 
binding affinity to both metal oxides. 
 
Table 3.1 Amino-acid sequences of selected constrained heptapeptides for SiO2 and 
TiO2 NPs.  
 
Sequence a 
Cys Pos1 Pos2 Pos3 Pos4 Pos5 Pos6 Pos7 Cys 
SiO2-binding peptides          
SiC1 (×22) b C H K K P S K S C 
SiC19 (×1) C T K R N N K R C 
SiC11 (×1) C R R W E S K R C 
TiO2-binding peptides          
TiC1 (×22) C H K K P S K S C 
TiC6 (×1) C T K R N N K R C 
TiC21 (×1) C D Q Q T S E F C 
a Amino acids are denoted by single-letter abbreviations. 
b Numbers in bracket denote the copies of identical clones found in the 24 sequenced 
samples. 
 
For simplicity, this peptide was designated as STB1 and the phage particle 
displaying STB1 on its surface as STB1-P. A peptide sequence reported by Whaley et 
al. (Whaley et al., 2000) showed high specificity, thereby able to distinguish inorganic 
materials of similar property. On the other hand, Sano and co-workers reported that 
Ti-binding peptide, identified using phage display technique, exhibited cross binding 
affinity towards Si and Ag whose property is not apparently related to Ti (Sano et al., 
2005). As shown in Table 3.1, STB1 dominated both sampling pools with 22 copies 
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out of 24 clones. Besides STB1, another peptide (-CTKRNNKRC-) with a cross 
binding reactivity to both metal oxides emerged from both pools (SiC19 and TiC6) 
with a copy number of 1 (designated as STB2). Only one clone in each pool showed a 
specific binding to either metal oxide (i.e. SiC11 for SiO2 and TiC21 for TiO2). The 
relative binding affinity of STB1-P (expressed as the ratio of the amount of bound 
STB1-P to the amount of bound W-M13) determined by phage binding assay are 432 
± 86 and 436 ± 46 for SiO2 and TiO2 NPs, respectively, suggesting that the binding of 
STB1-P to metal oxides is mediated by the STB1 displayed on the phage surface. 
 
Among the seven amino acids comprising STB1, His (H) and Lys (K) are basic 
residues; Ser (S) is polar; Pro (P) is an important structural amino acid in short 
peptides. The other three peptides in Table 1 are also rich in basic and polar amino 
acids. Acidic residues such as Asp (D) and Glu (E) are found in the two low copy 
peptides, SiC11 and TiC21. Except for P in STB1, no aliphatic amino acid is present 
in all the peptides selected for SiO2 and TiO2 NPs. A high population of basic and 
polar residues (e.g. H, Arg (R) and S) was also reported in silica-binding peptides 
isolated by Naik and co-workers (Naik et al., 2002a) with a 12-mer peptide phage 
library. Those peptides were shown to induce the formation of silica nanoparticles 
from a silicic acid solution, mimicking the silica synthesis process in nature occurring 
in marine sponges and diatoms. Silcateins in sponges (Shimizu et al., 1998) and 
silaffins in diatoms (Kröger et al., 1999), the peptides or proteins responsible for the 
silica formation, also have a great percentage of basic and polar residues (especially S, 
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K and R), similar to the amino acid composition we found in STB1. 
 
3.3.2 Deduction of binding mechanism based on pH-dependent surface charges 
of metal oxide NPs and STB1 
The charge behavior of SiO2 and TiO2 surfaces in an aqueous environment can be 






The surface charge density is usually based on two of these equilibria. At a low 
pH, an oxide surface is mainly protonated (net positively charged) and at a high pH, 
the surface is largely deprotonated (net negatively charged). The surface charge 
density of both metal oxides becomes zero at an intermediate pH known as the point 
of zero charge (PZC). Figure 3.4 shows the zeta potential profile of the SiO2 and TiO2 
NPs from pH 1.0 to pH 13.0. The PZC of metal oxide NPs is around pH 2.0 (for SiO2) 
and pH 5.0 (for TiO2), consistent with those reported in the literature (Kosmulski, 
2004). For both the SiO2 and TiO2 NPs, the zeta potential decreases with the increase 
of pH, changing from positive when pH is below their PZC to negative when pH is 
above their PZC. At pH 7.5 (the biopanning pH), the zeta potentials of SiO2 and TiO2 
NPs are -12.6 mV and -5.7 mV, respectively. The negative charge at this pH is 
M-OH2+    ↔   M-OH + H+ 
 
M-OH     ↔   M-O- + H+ 
 
M-OH+-M  ↔   M-O-M+H+ 
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stronger for SiO2 surface compared to TiO2 surface.  
 
























Figure 3.4 Measurement of zeta potential for SiO2 (▲) and TiO2 (■) NPs in TBS 
buffer at various pH conditions. For both SiO2 and TiO2 NPs, the conductivity of the 
NP suspension in a pH range of 3.0-12.0 is relatively constant (17.5 ± 2.0 mS/cm). 
The conductivity of NP suspension is ~24.0 mS/cm at pH 2.0 and > 40.0 mS/cm at pH 
1.0 or pH 13.0. 
 
For a given peptide, the overall charge property is affected by the side chains of 
its constituent amino acid residues. The pKa values of the side chains of the three basic 
amino acids (H, K, and R) present in either STB1 or STB2 are 6.0, 10.5, and 12.5, 
respectively. At pH 7.5, the three K residues of STB1 are protonated and bear positive 
charges according to the Henderson-Hasselbalch equation, whereas the H residue is 




From the dominance of basic amino acid residues in STB1 and the presence of 
negative charges on the surface of the two metal oxide NPs at pH 7.5, we propose that 
electrostatic interactions play an important role for the STB1-metal oxide binding 
observed. This may also underlie why an identical consensus peptide (i.e. STB1) was 
obtained for both SiO2 and TiO2 NPs. Electrostatic interaction was also found to play 
a key role for the binding of Ti-binding peptide (minTBP-1: RKLPDA) to the 
oxidized surface of titanium (Hayashi et al., 2006). In the proposed model by Hayashi 
et al., the R (positively charged) and D (negatively charged) residues of minTBP-1 are 
bound to –O- and –OH2+ groups on the oxidized surface of titanium, respectively. In 
addition, the R residue of minTBP-1 is thought to be responsible for its cross binding 
affinity to SiO2. However, STB1 contains no negatively charged residues but multiple 
copies of positively charged residues. This probably reflects that –O- group has a 
much higher population than –OH2+ group on the surface of TiO2 at pH 7.5. Moreover, 
the multiple copies of positively charged residues enable STB1 to exhibit a high cross 
binding affinity to both SiO2 and TiO2 (as proved in the phage binding assay results), 
thereby rendering STB1 alone account for more than 90% of the 24 peptide binders 
selected for either metal oxide. This implies the presence of a common binding 
mechanism of electrostatic nature between the phage particles (i.e. STB1-P) and the 




3.3.3 QCM-D and AFM measurements show that binding of STB1-P to SiO2 and 
TiO2 is mediated by STB1  
To prove the hypothesis that the interaction between the STB1-P and SiO2 or 
TiO2 surface is mediated by the displayed STB1 via electrostatic interactions, we 
investigated the binding of STB1-P to SiO2 and TiO2 in a wide pH range from pH 2.0 
to 13.0 using QCM-D technique. W-M13, the phage lacking displayed STB1 on its 
surface, was used as control. AFM characterization of the binding morphology was 
conducted to complement the QCM-D results.  
 
At pH 7.5, where the affinity selection was conducted, SiO2 and TiO2 are both net 
negatively charged, with the negative charge of the SiO2 being slightly larger (see the 
zeta potential profile in Figure 3.4). Figure 3.5 shows simultaneously recorded 
frequency shift (Δf) and dissipation shift (ΔD) for the binding of STB1-P and W-M13 
to SiO2- (Figure 3.5a) and TiO2-coated quartz crystals (Figure 3.5b). For SiO2 surface, 
binding of STB1-P and W-M13 led to a Δf of -14.8 Hz and -7.2 Hz, respectively, 
following 1 hour of incubation. At the same time, these bindings induced a ΔD of 
8.1×10-6 and 1.4×10-6, respectively. The resulting ΔD/Δf ratio, induced energy loss per 
unit coupled mass, for STB1-P (ΔD/Δf = -0.55×10-6 Hz-1) is much bigger than that for 
W-M13 (ΔD/Δf = -0.19×10-6 Hz-1), indicating that the effective STB1-P film is much 
more dissipative and flexible compared to the W-M13 film. For TiO2 surface, 
effective mass loading due to the adsorption of either STB1-P or W-M13 is virtually 
identical with that for SiO2. However, a significantly lower dissipation shift, albeit 
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larger than the ΔD for W-M13 binding to TiO2, is observed for the binding of STB1-P 
to TiO2 as compared to SiO2. The possible reasons for this differential dissipation 
behavior of STB1-P for the two metal oxides are discussed in detail later. 
 




















































































Figure 3.5 Time course of frequency shift (Δf) and dissipation shift (ΔD) for the 
binding of STB1-P or W-M13 to (a) SiO2 or (b) TiO2 surface at pH 7.5. The phage 
solution was added at t = 5 min. The arrows indicate the time when the cell was rinsed 
with TBS buffer. (c) D-f plots using the data in (a) and (b). (d) Schematic illustration 
of the putative structure of W-M13 or STB1-P layer formed on SiO2 or TiO2 at pH 7.5 
(lengths not to scale): (i) STB1-P bound on SiO2 surface at low coverage; (ii) STB1-P 
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bound on SiO2 surface at high coverage; (iii) W-M13 bound on either surface; (iv) 
STB1-P bound on TiO2 surface. 
 
To interpret the QCM-D data, understanding of the structural and charge 
properties of the phage particles is essential. M13 phage is a filamentous bacterial 
virus, consisting of a single-stranded circular DNA inside and a protein coat outside 
(Kriplani and Kay, 2005). The phage particle is about 6.6 nm in diameter and 880 nm 
in length (Lee et al., 2002), with the molecular weight estimated to be 16,300,000 Da. 
In the phage display system used for this study, the displayed peptide is expressed as 
N-terminal fusions to the minor coat protein pIII present at low valency (~5 copies per 
virion) and localized at one tip of the M13 phage body (Kay et al., 1996). On the other 
hand, the major viral coat protein pVIII present at high valency (~2700 copies per 
virion) surrounds the entire phage particle, providing numerous charged residues 
capable of potentially interacting with the charged SiO2 and TiO2 surfaces (the 
isoelectric point (pI) of phage M13 is estimated to be around 8.5 which is the 
calculated pI of pVIII). This random multipoint interaction may consequently lead to 
a horizontal adsorption configuration of phage particles on the metal oxide surface. 
AFM study of the morphology of W-M13 bound on SiO2 and TiO2 surfaces (Figures 
3.6a and 3.6b) provides evidence to the above speculation: loosely spread ~880 
nm-long filamentous phage bodies are easily discerned. 
 
AFM images (Figures 3.6c-f) also reveal that the STB1-P particles are orderly 
aligned side by side with one another on SiO2 and TiO2 surfaces. We attribute this 
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arrangement to the anchoring of phage particles on the metal oxide surface through 
the displayed STB1 at the tip of phage tail, thereby rendering the phage body 



















Figure 3.6 AFM images of W-M13 or STB1-P bound to the surface of SiO2 or TiO2 at 
pH 7.5:  (a) W-M13 on SiO2, (b) W-M13 on TiO2, (c) STB1-P on SiO2, and (d) 
STB1-P on TiO2 at a scale of 5 μm × 5 μm. Higher magnification images at a scale of 
(1 μm × 1 μm) are shown for: (e) STB1-P on SiO2 and (f) STB1-P on TiO2. 
 
With the assistance of AFM images, we elucidate the QCM-D behavior of the 
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binding of STB1-P and W-M13 as follows. For STB1-P binding to either metal oxide, 
the anchoring of the phage particles through the tail-attached STB1 leaves the phage 
bodies reaching far from the surface into the bulk solution. The observed high energy 
dissipation (high ΔD or ΔD/Δf) must be primarily due to the deformation of the 
flexible phage bodies during the shear oscillation of the crystal. Secondly, the 
dynamic deformation of the phage bodies will set the trapped interlayer water into 
motion, being moved within the film and/or in and out of the film. The motion of the 
liquid therefore leads to significant internal friction in the phage matrix (Höök et al., 
1998), which also contributes to the dissipation. In contrast, W-M13 particles sparsely 
spread on SiO2 and TiO2 by multipoint contact along their bodies, forming a layer 
with a smaller effective mass loading. There is little chance for the phage bodies to 
couple with bulk liquid. As a result, the overall film is less dissipative as indicated by 
the smaller ΔD or ΔD/Δf. 
 
At pH 7.5, charge density on SiO2 surface is more negative than that on TiO2 
surface as evidenced by the lower zeta potential values in Figure 3.4. This charge 
density difference may be responsible for the dissimilar dissipation behaviors and 
AFM topologies of the bound STB1-P on the two metal oxides. A closer exanimation 
of the AFM images at 1 μm × 1 μm (Figure 3.6f) reveals that STB1-P bound on TiO2 
assembles into a more compact matrix with the orderly aligned phage bodies being 
more clearly discernable. However, STB1-P adsorbed on SiO2 matrix (Figure 3.6e) 
showed no discernable phage body but many blurred dots. In other words, STB1-P 
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bodies are more likely to get closer to TiO2 surface rather than SiO2 surface, probably 
due to the considerable electrostatic repulsion between SiO2 and phage body which 
makes the STB1-P bodies extend further from the SiO2 surface. Whereas on TiO2 
surface with the lower charge density, the repulsion between the phage particles and 
the surface would be less, allowing for the closer access of STB1-P to TiO2 surface. 
This speculation is supported by the larger ΔD observed for binding of STB1-P on 
SiO2 compared to that on TiO2. Figure 3.5d is the schematic illustration of the putative 
binding behavior of STB1-P or W-M13 on the two metal oxide surfaces at pH 7.5. 
Note that non-specific adsorption of phage body mediated by major viral coat protein 
pVIII is present at this pH. However, when the STB1 motifs are displayed, specific 
binding via STB1 is dominant.  
 
To further analyze the dissipation behaviors of the adsorbed phage particles, the 
induced ΔD is plotted against Δf for the binding of STB1-P and W-M13 phages to the 
two metal oxides (Figure 3.5c). The D-f plot for STB1-P binding to SiO2, in contrast 
to that for nonspecific W-M13 adsorption, shows two kinetic phases, with a break 
point at |Δf| = 7.8 Hz. This indicates that the assembled STB1-P particles experience a 
conformational change dependent on the surface coverage (Zhou et al., 2004). At 
lower surface coverage, the bound STB1-P is less dissipative (i.e. the smaller initial 
ΔD/Δf) due to the less entrapment of water and/or the prevalence of non-specifically 
adsorbed phage bodies on the SiO2 surface. At higher surface coverage, the bound 
phage particles are realigned to be able to trap more water and become more 
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dissipative as indicated by the larger ΔD/Δf after the break point. However, such a 
kink in D-f curve is not obvious for the binding of STB1-P to TiO2 and the overall 
slope of the D-f plot is also remarkably smaller than those for SiO2 surface. These 
indicate that at pH 7.5, the STB1-P behaviors on the two surfaces are considerably 
different.  
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Figure 3.7 (a) Time course of Δf and ΔD for STB1-P binding to SiO2 or TiO2 at pH 
9.9. The phage solution was added at t = 5 min and the arrows indicate the time when 
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the cell was rinsed with TBS buffer. (b) Schematic illustration of the putative structure 
of STB1-P layer formed on SiO2 or TiO2 at pH 9.9 (lengths not to scale). 
 
To further verify the function of the STB1 moiety, QCM-D studies were 
conducted at pH 9.9, where the charge density on both metal oxide surfaces is 
stronger compared to that at pH 7.5 (see the zeta potential profile in Figure 3.4). For 
the control phage W-M13, no noticeable ΔD or Δf was recorded for either metal oxide 
surface in 1 hour incubation (data not shown). The elimination of non-specific 
W-M13 adsorption can be attributable to the stronger electrostatic repulsion between 
net negatively charged phage bodies (pI values of the phage coat proteins rarely 
exceed 9.9) and the heavily negatively charged metal oxide surface. For STB1-P 
binding, very small Δf (±1 Hz) but remarkable D changes (~4.7×10-6) were observed 
for both metal oxides (Figure 3.7a). Similar f and D responses were observed by Sano 
and Shiba (Sano and Shiba, 2003) for the binding of phages harboring Ti-binding 
peptides to Ti surface. Since the three K residues in STB1 are still moderately 
protonated (pKa of K residue’s side chain is 10.5), we believe that the specific binding 
of STB1-P survives at this elevated pH 9.9. The extremely high dissipation (i.e. 
extremely high ΔD/Δf taking into account of the small Δf) suggests that the STB1-P 
phage bodies are pushed further away from the SiO2 and TiO2 surfaces (as illustrated 
in Figure 3.7b) following the same rationale accounting for the elimination of the 
nonspecific W-M13 adsorption. Such ΔD and Δf responses at pH 9.9 are probably the 
signature of film resonance (Granéli et al., 2004). When the film is relatively thick 
and compliant as in the case of STB1-P layer, the displacement imposed at the 
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quartz/film interface propagates across the layer with a significant phase shift (Martin 
et al., 2000; Lagier et al., 2005). Therefore, a standing acoustic wave could be 
established within the STB1-P matrix, resulting in negligible changes in f and large 
positive changes in D. Assuming that STB1-P is anchored to the surface only via 
STB1 at its tip with its ~880nm-long body stretching into bulk solution, the film 
resonance is quite likely to happen. AFM images of STB1-P binding at pH 9.9 on both 
metal oxides showed no clear features (image not shown). This is probably reflective 
of a small amount of bound phages, thus a reduced binding strength of STB1 which 
can be attributed to the reduced protonation of basic amino acid residues with the 
increase in pH. 
 
3.3.4 Further verification of binding mechanism at extreme pH and PZCs of SiO2 
and TiO2  
QCM-D study was conducted at pH 13.0, 2.0 (PZC of SiO2) and 5.0 (PZC of 
TiO2) to further verify the binding mechanism. At pH 13.0, no binding of either 
STB1-P or W-M13 was detectable (data not shown) since the pH is substantially 
higher than the pKa values of the side chains of the two basic residues (H and K) in 
STB1. The STB1 bears little positive charge and thus little electrostatic attraction 
between STB1 and negatively charged SiO2 or TiO2 would be anticipated. 
 
At pH 2.0, where TiO2 surface (PZC = 5.0) is net positively charged and the K 
and H residues of STB1 are fully protonated, the ΔD and Δf observed for the binding 
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of STB1-P to TiO2 are similar to those for the binding of W-M13 to TiO2 and SiO2 
(Figures 3.8a and 3.8b). This indicates that the STB1-mediated interaction is no 
longer present for TiO2 at this pH condition; instead, electrostatic repulsion between 
STB1 and TiO2 is dominant. At pH 2.0 (i.e. PZC of SiO2), the net charge of SiO2 
surface is zero. STB1-P binding to SiO2 would be mostly caused by non-specific 
adsorption. However, the possible contribution of STB1-mediated electrostatic 
interaction cannot be ignored, given the possibility that there are local areas rich in 
negative charge on SiO2 surface. This STB1-mediated specific binding would increase 
the viscoelasticity of the bound STB1-P, accounting for the larger ΔD and Δf 
compared to those for W-M13 (Figure 3.8a). However, the contribution of specific 
binding is limited at PZC of SiO2, as indicated by the smaller ΔD and Δf when 
compared to those for the binding of STB1-P at pH 7.5.  
 



















































































Figure 3.8 Time course of Δf and ΔD for the binding of STB1-P or W-M13 to (a) 
SiO2 at pH 2.0, (b) TiO2 at pH 2.0, and (c) TiO2 at pH 5.0. The phage solution was 
added at t = 5 min and the arrows indicate the time when the cell was rinsed with TBS 
buffer. 
 
At the PZC of TiO2 NPs (i.e. pH 5.0), the specific binding of STB1-P to TiO2 is 
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also present (Figure 3.8c), similar to STB1-P binding to SiO2 at the PZC of SiO2 
(Figure 3.8a). The measured ΔD (= 1.3×10-6) and Δf (= -16.7 Hz) are slightly higher 
than those at pH 7.5 (ΔD = 1.2×10-6 and Δf = -14.6 Hz), suggesting that there is little 
change in the structure of STB1-P layer with the decrease of pH from 7.5 to 5.0. It is 
thus reasonable to conclude that the electrostatic interaction between STB1 and TiO2 
remains almost unchanged when the net charge on TiO2 surface shifts from slightly 
negative to zero. This conclusion is also supportive to the argument above that the 
specific binding of STB1-P to SiO2 is present at the PZC of SiO2. 
 
Taken together, it is concluded that the structural property of phage matrix and 
the corresponding ΔD and Δf responses are largely determined by two factors at a 
particular pH: 1) specific (or electrostatic) interaction between STB1 and SiO2 or TiO2; 
2) non-specific adsorption (or random multipoint contact) of phage bodies to SiO2 or 
TiO2, the relative contributions of which are pH dependent. Whenever the specific 
STB1-metal oxides interaction is present, the binding behavior of STB1-P can be 
distinguished from that of W-M13 by larger ΔD/Δf (e.g. STB1-P binding to SiO2 or 
TiO2 at pH 9.9, STB1-P binding to SiO2 at pH 7.5 or pH 2.0, and STB1-P binding to 
TiO2 at pH 7.5 or pH 5.0). In the absence of the specific binding, STB1-P and W-M13 
behave almost the same (e.g. STB1-P or W-M13 binding to TiO2 at pH 2.0). 
Whenever the non-specific adsorption is present, apparent changes in frequency is 
observed (e.g. STB1-P or W-M 13 binding to SiO2 or TiO2 at pH 7.5, pH 5.0 or pH 
2.0). The absence of non-specific adsorption results in negligible Δf (e.g. STB1-P 
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binding to SiO2 or TiO2 at pH 9.9).  
 
3.4 Summary 
Constrained heptapeptides with specific binding affinities to SiO2 and TiO2 NPs 
were identified in the two independent selections using phage display technique. 
Interestingly, a dominant peptide sequence (STB1) emerged with cross-binding 
affinity to both metal oxides, and is enriched with basic amino acid residues. QCM-D 
analysis of the binding behavior of the STB1-harboring phage particles (STB1-P) to 
the metal oxides showed that the binding of STB1-P to both metal oxides is mediated 
by the STB1 displayed on the phage surface, clearly distinguished from the binding of 
control phages with no displayed peptide by larger changes in dissipation. 
Furthermore, the careful interpretation of QCM-D responses at various pHs, with the 
aid of AFM image analysis, proved that the nature of STB1-mediated phage binding 
to metal oxide is specific and electrostatic in a pH-dependent manner. The role of 
constrained loop and the exact contribution of each amino acid for the observed 
STB1-mediated specific binding are investigated in chapters 4 and 7. Nevertheless, 
our approach presented in this study proved effective for understanding peptide-metal 
oxide interactions, indicating the potential to create designer peptides or proteins with 
useful applications in the recent efforts to hybridize biomolecules and inorganic 





PROBING THE INTERACTION BETWEEN PEPTIDES 





Proteins are able to recognize and even condense specific inorganic materials as 
evidenced by various biomineralization processes in nature (Lowenstam and Weiner, 
1989; Mann, 2001; Bäuerlein, 2004). Despite the encouraging examples from nature, 
there has been no rational route to identify a protein molecule with specific binding 
affinity to desired synthetic inorganic materials due to poor understanding of the 
complicated interaction between protein molecules and inorganic materials 
(Nakanishi et al., 2001; Gray, 2004; Patwardhan et al., 2007). Currently, this problem 
is circumvented by employing combinatorial peptide libraries, which enables one to 
isolate peptides with specific binding affinity to inorganic materials without prior 
knowledge about the interaction between peptides and target inorganic materials 
(Sarikaya et al., 2003 & 2004; Kriplani and Kay, 2005; Baneyx and Schwartz, 2007). 
The desired proteins can be genetically engineered with the selected peptides to gain 
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the inorganic-binding ability (Sarikaya et al., 2003; Dai et al., 2005; Sano et al., 2006; 
Krauland et al., 2007).  
 
From a material engineering point of view, metal oxides are frequently 
encountered at  interfaces and many peptides have been isolated for metal oxides, 
such as MnO2 (Schembri et al., 1999), Cr2O3 (Schembri et al., 1999), CoO (Schembri 
et al., 1999), PbO2 (Schembri et al., 1999), Fe2O3 (Brown, 1992), SiO2 (Naik et al., 
2002; Eteshola et al., 2005; Chen et al., 2006), TiO2 (Chen et al., 2006), Cu2O (Thai et 
al., 2004), ZnO (Kjærgaard et al., 2000; Thai et al., 2004), and Al2O3 (Krauland et al., 
2007), using combinatorial peptide libraries. Among the selected peptides, a high 
percentage of basic residues (His, Lys, Arg) is generally observed, and electrostatic 
interaction is usually postulated as the major force to bind peptides to metal oxides. 
This postulation is quite plausible because metal oxide surfaces are generally 
negatively charged (Hunter, 1989) and the basic residues of the selected peptides are 
positively charged in aqueous environment at neutral pH. Besides basic residues, 
non-basic residues are also found in affinity peptides selected for metal oxides. 
However, the contribution of each constituent residue of peptide binders to their 
metal-oxide-binding affinity is not clear in most studies because the interaction 
between proteins or peptides with inorganic surfaces is so complicated that it is quite 
challenging to reveal the mechanism at atomic level using either experimental 
methods or theoretical simulations (Nakanishi et al., 2001; Gray, 2004; Patwardhan et 
al., 2007). Therefore, many questions remain unanswered regarding the interaction 
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between selected peptides with target metal oxides: e.g. whether all the constituent 
basic residues are involved in the electrostatic interaction with metal oxide surfaces, 
which non-basic residues are dispensable and how the binding affinity or selectivity 
of a peptide binder will be affected by changing some of its residues. The answers to 
these questions may help us optimize and tune binding affinity or selectivity of 
peptides towards the target.  
 
In Chap. 3, we used peptide libraries displayed on phage surfaces and isolated 
disulfide-bond constrained peptides with specific binding affinity to SiO2 or TiO2 
nanoparticles (Chen et al., 2006). 24 phage clones bound to either SiO2 or TiO2 were 
finally analyzed by DNA sequencing, and 22 clones displayed the same peptide 
sequence. Surprisingly, the consensus peptide sequence for SiO2 is identical with the 
consensus peptide sequence for TiO2 (-CHKKPSKSC-, referred to as STB1 hereafter). 
Such a consensus peptide binder provides an excellent model to study the influence of 
amino acid composition and sequence on the peptide’s binding affinity and even the 
selectivity to SiO2 and TiO2. In this chapter, 16 point mutants of STB1 were created 
by mutating the STB1 peptide displayed on the phage surface. As demonstrated in 
Chap. 3, unique Δf and ΔD signatures of QCM-D measurements provide useful tools 
to differentiate the STB1-mediated binding of phages particles to SiO2 or TiO2 from 
the non-specific interaction between phage bodies and SiO2 or TiO2. Therefore, 
QCM-D technique was used again to measure and qualitatively compare the binding 
affinity among various STB1 mutants. Phage particles were employed as a contextual 
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scaffold necessary for binding affinity study of STB1 and its point mutants because of 
the following three merits: 1) Only ~5 copies of peptides are displayed on the pIII 
protein of each phage particle, therefore the non-specific interaction between phage 
bodies and metal oxides can compete with and even screen weak interactions between 
the displayed peptides and metal oxides, which makes weaker binders easily 
differentiated; 2) For applications, inorganic-binding peptides are usually fused to 
some host proteins and behave in the context of host proteins, therefore the pIII 
protein on phage surfaces can serve as a host protein; 3) If free peptides are used, they 
can form large clusters when absorbed on solid surfaces, which complicates binding 
affinity assessment (Goede et al., 2006), and hence displaying peptides on phage 
surfaces may prevent such aggregation. To help illustrate the changes in peptides’ 
binding affinity, the conformation of STB1 and its point mutants were demonstrated 
by molecular dynamics simulations. 
 
4.2 Experimental Section 
 
4.2.1 Oligonucleotide-directed mutagenesis of M13 phage DNA 
Phage clones displaying each point mutant of STB1 were created by 
oligonucleotide-directed mutagenesis of M13 phage DNA. All the protocols for phage 
manipulation and mutagenesis were adopted from Sambrook and Russell’s book 
(Sambrook and Russell, 2001). Briefly, the template DNA for site-directed 
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mutagenesis is uracil-containing single-stranded DNA of an appropriate phage clone 
(e.g. STB1-P) following its amplification using E. coli CJ236 (New England Biolabs, 
USA, Cat#: E4141S). The purified template DNA was annealed with a primer, 
phosphorylated mutagenic oligonucleotide containing desired base changes 
(synthesized by Research Biolabs, Singapore), and mutated DNA was synthesized in 
the presence of T4 DNA polymerase, T4 DNA ligase and dNTP in T4 DNA ligase 
reaction buffer (New England Biolabs, USA, Cat#: M0203S, M0202S, N0447S and 
B0202S). Subsequently, both template DNA and mutated DNA were transformed by 
electroporation into competent cells E. coli ER2738 capable of destructing the 
uracil-containing template DNA strand while leaving the mutated DNA strand to 
duplicate and direct the production of phage particles. The transformed cells were 
mixed with melted 2× YT top agar and plated on LB agar plates. The plates were 
incubated overnight at 37°C to allow phage plaques to form, and then individual 
phage plaques were sampled (6 ~ 12 plaques) and amplified separately for DNA 
extraction. Finally, desired mutants were identified by DNA sequencing, amplified at 
large scale and stored at -20 °C. Multiple rounds of mutagenesis were performed 
when the target clone had two or more residues different from the template clone.  
 
4.2.2 QCM-D measurement 
The same QCM-D system described in Chap. 3.2.4 was used again in this chapter. 
TBS buffer (50 mM Tris-HCl, 150 mM NaCl, pH 7.5) with 0.5% (v/v) Tween 20 was 
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used as the binding buffer. The phage particle solutions for QCM-D measurements 
were prepared by diluting the phage stock in the binding buffer to the final 
concentration of 7×1010 pfu/ml. For each measurement, the binding buffer was first 
loaded into the liquid cell. The solution and the liquid cell were temperature stabilized 
at 24.7 ± 0.1 °C in order to avoid drifts in f and D. Following the achievement of 
stable baselines for f and D, the phage solution was added into the liquid cell to 
replace the binding buffer. After ~30 min interaction, the liquid cell was rinsed with 
the binding buffer. Each measurement was repeated twice and the data deviation is 
within 5%. The f and D values measured at the third overtone were presented for 
analysis. The noise values of f and D with the liquid load are 1 Hz and 0.2 × 10-6, 
respectively. 
 
4.2.3 Molecular dynamics simulation 
The conformations of the free STB1 peptide and its point mutants in solutions 
were determined using commercial molecular simulation software, Discovery Studio 
1.7 (Accelrys Inc. San Diego, CA, USA. http://www.accelrys.com/). The peptide 
chains were constructed using the peptide builder module in Discovery Studio. The 
disulfide bond between two flanking cysteine residues was manually connected and a 
cyclic structure was obtained. Then the cyclic peptide was solvated in a orthorhombic 
water box extending at least 7 Å from any peptide atom (see an example in Figure 
4.5a). To make the simulation box neutral, salt ions (Na+ and Cl-) at concentration of 
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145mM were also added. We performed molecular dynamics study in NVT ensemble 
using Charmm27 force field. First, the configurational energy of the system was 
minimized by performing 200 steps of adopted basis NR algorithm followed by 200 
steps of conjugate gradient algorithm. Then the system was heated to the target 
temperature of 298K gradually, and run for 80 ps dynamics to reach the equilibrium. 
Subsequently, 200 ps production stage was carried out at a time step of 1 fs with the 
non-bond cutoff being 12 Å. To save computation time, SHAKE algorithm and 
particle mesh Ewald method were applied in both the equilibrium stage and 
production stages. During the production stage, the configurational energy of the 
simulated conformations of STB1 and LSTB1 was monitored. It was observed that 
the configurational energy continuously dropped within the first 50 ps, and then it 
reached minimum level and showed little fluctuation afterwards. Assuming that the 
conformations obtained at minimum configurational energy are thermodynamically 
most stable and thus are reflective of the actual peptide’s behavior, the 200 ps 
production time is sufficient to yield representative conformations of simulated 
peptides. The simulated conformations of peptides were visualized and their surface 
electrostatic potentials were obtained using Discovery Studio 1.7.  
 
4.3 Results and Discussion 
Table 4.1 lists the 17 phage clones with the peptide sequences displayed on their 
surfaces that were used in this study. 16 mutants of STB1-P phage particles (single or 
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multiple point(s)) were created by oligonucleotide-directed mutagenesis. We observed 
that the efficiencies of mutagenesis (the percentage of correct mutants in the pools of 
sampled phage clones) were very low (<17%) for the mutants with three or more 
positively charged residues (i.e. K or R), while those for the mutants with less than 
three positively charged residues were relatively high (50% ~ 100%).  
 
Table 4.1 List of the 17 phage clones with the peptide sequences displayed on their 
surfaces that were used in this study 
 
Phage clone a Displayed peptide sequence b pI c Charge at pH 7.5 c
STB1-P -CHKKPSKSC- 9.20 2.7 
M13-control -CAAAAAAAC- 5.50 -0.4 
    










H1/A -CAKKPSKSC- 9.20 2.6 
K2/A -CHAKPSKSC- 8.59 1.7 
K3/A -CHKAPSKSC- 8.59 1.7 
P4/A -CHKKASKSC- 9.20 2.7 
S5/A -CHKKPAKSC- 9.20 2.7 
K6/A -CHKKPSASC- 8.59 1.7 
S7/A -CHKKPSKAC- 9.20 2.7 
S5S7/A -CHKKPAKAC- 9.20 2.7 
K2K3/A -CHAAPSKSC- 8.03 0.7 
K3K6/A -CHKAPSASC- 8.03 0.7 
K2K6/A -CHAKPSASC- 8.03 0.7 
K2K3K6/A -CHAAPSASC- 7.09 -0.3 
H1P4S5S7/A -CAKKAAKAC- 9.20 2.6 
   
H1/K|P4/K|S5S7/A -CKKKKAKAC- 9.86 4.6 
K2K3K6/R -CHRRPSRSC- 10.00 2.7 
 
Note: (a) The name of STB1-P point mutants indicates which amino acids in STB1 
are mutated. M13-control refers to the phage mutant which has a control peptide (i.e. 
–CAAAAAAAC–) displayed on its pIII protein. (b) Amino acids are denoted by 
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single-letter abbreviations. The mutated residues are underlined. (c) The predicted pI 
value and the net charge of each peptide at pH 7.5 were calculated using the 
PROTEIN CALCULATOR v3.3 developed by Christopher Putnam in the Scripps 
Research Institute (http://www.scripps.edu/~cdputnam/protcalc.html). 
 
The low mutagenesis efficiency can be attributed to the phage growth defect 
caused by the presence of multiple positively charged residues displayed on pIII 
fusion proteins (Peters et al., 1994). Peters et al. reported that several positively 
charged residues displayed on pIII fusion proteins inhibited the proper insertion of 
pIII fusion proteins into the inner membrane of E. coli. (Peters et al., 1994). This 
consequently hampered the assembly of phage particles, thereby resulting in dramatic 
reduction in phage growth. They also observed that within the context of a 10-mer 
peptide, the growth defect usually became more severe with the increasing number of 
positively charged residues. This accounts for the difficulty in creating STB1-P 
mutant phages with a high frequency of positively charged amino acid residues in the 
STB1 sequence, hence in the endeavor to create the mutants with four to seven 
positively charged residues, only one stable phage mutant (H1/K|P4/K|S5S7/A) was 
obtained. 
 
In Chap. 3, it was found that STB1-P particles bind to TiO2 or SiO2 through the 
STB1 peptide and that the interaction between STB1 and the metal oxides is 
dominated by electrostatic interaction. Therefore, it is postulated that the presence of 
three K residues in STB1 (-CHKKPSKSC-) would presumably be critical for the 
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binding of phage particles (STB1-P) to SiO2 or TiO2. However, it is not clear whether 
all the three K residues are necessary for the electrostatic interaction or if any putative 
contribution of non-K residues is critical. In order to answer these questions, the 16 
phage mutants summarized in Table 4.1 were created by substituting A residues for K 
or non-K residues and the binding behavior of each mutant to SiO2 or TiO2 surface 
was studied using QCM-D technique. The QCM-D results for the binding of K2/A, 
K3/A and K6/A particles to TiO2 or SiO2 surfaces are shown in Figure 4.1. The 
QCM-D data for the binding of STB1-P or M13-control were also collected for 
comparison. 



















































































Figure 4.1 (a) and (b) are the time course of frequency shift (Δf) and dissipation shift 
(ΔD), respectively, for the binding of M13-control, STB1-P, K2/A, K3/A and K6/A 
particles to TiO2 surface. (c) and (d) are the time course of frequency shift (Δf) and 
dissipation shift (ΔD), respectively, for the binding of M13-control, STB1-P, K2/A, 
K3/A and K6/A particles to SiO2 surface. On TiO2 surface, the -Δf and ΔD values for 
the M13-control, K2/A, K3/A and K6/A particles are quite close, suggesting K2/A, 
K3/A and K6/A peptides did not mediate the binding of the corresponding phage 
particles; the strong binding affinity of STB1 peptides is manifested by the much 
larger -Δf and ΔD values for STB1-P particles. On SiO2 surface, M13-control, K2/A, 
K3/A and K6/A particles all showed negligible -Δf and ΔD, suggesting they do not 
bind to SiO2; the signature of film resonance (large ΔD coupled with negligible or 
positive Δf) was observed for STB1 particles, and the strong binding affinity of STB1 
Chapter 4 
 71
peptides can be deduced from large ΔD values. 
 
 
Scheme 4.1 Schematic illustration of the morphologies of M13-control particles 
bound on TiO2 surface (a), and STB1-P particles bound on TiO2 (b) and SiO2 surface 
(c). Phage bodies have non-specific interaction with TiO2 (a), which is suggested by 
the -Δf and ΔD values for M13-control particles. More STB1-P particles bind to TiO2 
than M13-control due to the stronger affinity between STB1 peptides and TiO2 (b) as 
suggested by relatively larger -Δf and ΔD values. On SiO2 surface, phage bodies have 
little interaction with SiO2 because M13-control particles showed negligible -Δf and 
ΔD values. STB1-P particles bind to SiO2 only through the STB1 peptides and 
assemble into a ~ 1 μm (the length of phage particles) thick film which induces the 
phenomenon of film resonance observed by QCM-D. K2/A, K3/A, K6/A, K2K3/A, 
K3K6/A, K2K6/A and K2K3K6/A particles binds to TiO2 or SiO2 surface in the same 




4.3.1 The contribution of each K residue 
On TiO2 surface, both the Δf and ΔD values (Figures 4.1a and 4.1b, respectively) 
for the K2/A, K3/A and K6/A particles are all very close to those for M13-control but 
significantly smaller than those for STB1-P. Moreover, the Δf and ΔD values for the 
binding of K2K3/A, K3K6/A, K2K6/A and K2K3K6/A particles to TiO2 surface are 
virtually indistinguishable from those for M13-control (data not shown). These results 
clearly show that all of the three K residues in STB1 are equally important to the 
electrostatic interaction between STB1 and TiO2. Replacing any of the three K 
residues with A residue results in almost complete loss of peptide-mediated binding of 
phage particles to TiO2. Scheme 4.1a is a schematic illustration of the adsorption 
behavior of M13-control originating from side-on anchorage of the phage particles via 
multipoint random nonspecific interaction between the phage coat proteins and the 
negatively charged TiO2 surface, which could also be applicable to describe the 
adsorption behavior of the mutants with Kn/A substitution. 
 
On SiO2 surface, negligible changes in f and D responses (-Δf < 5 Hz, and ΔD < 
1.0×10-6) were observed for the adsorption of K2/A, K3/A, K6/A and/or M13-control 
phage particles (Figures 4.1c and 4.1d), and so were for K2K3/A, K3K6/A, K2K6/A and 
K2K3K6/A particles (data not shown). The magnitudes of Δf and ΔD values for the 
binding of these mutants to SiO2 are within the boundary of noise level, suggesting 
that these mutants is no longer cognitive of SiO2. Combined with the results on TiO2 
surface, it can be concluded that all the three K residues are simultaneously involved 
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in the electrostatic interaction with TiO2 or SiO2 and give STB1 such a strong binding 
affinity to allow STB1-P particles to be anchored on TiO2 or SiO2 surface through the 
peptides. As discussed in detail later, STB1 adapts such a conformation that the 
positively charged side chains of all the three K residues point to the same direction, 
and this cis-K conformation is indeed energetically favorable according to the 
molecular dynamics simulation results of STB1 (Figure 4.5b). For many plausible 
STB1 conformations predicted by the simulation, the side chains of all the three K 
residues are oriented to the same side of the loop, hence conducive to accessing the 
target surface simultaneously. 
 
4.3.2 QCM-D measurement of phage film 
Before further discussing the QCM-D results for other point mutants, it is 
necessary to analyze in detail the f and D responses for the binding of STB1-P 
particles to TiO2 or SiO2 surface. In QCM-D measurements, the quartz crystal 
undergoes shear oscillation at its resonant frequency by a periodic voltage pulse. For a 
binding process in liquid phase, the materials bound to the quartz sensor surface form 
a film with the surrounding liquid incorporated. The entrained liquid in most cases 
reduces the sensor’s resonant frequency (reflected by the decrease in f signal) and 
damps its oscillation magnitude (reflected by the increase in D signal) (Rodahl et al., 
1995 & 1997; Janshoff et al., 2000). Thus, Δf or ΔD reflects frequency or dissipation 
changes pertaining to the entire film comprising the bound materials and the 
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entrapped liquid. If the overall structure or conformation of the bound materials 
remains unchanged during the binding process, the only source that influences the 
film’s physical properties is the amount of bound materials. Then, the amount of 
bound materials can be quantitatively correlated with Δf or ΔD: the more materials are 
bound on the sensor surface, the larger decrease in f (-Δf) or increase in D (ΔD) is. 
This is clearly manifested by the QCM-D results on TiO2 surface: the -Δf and ΔD for 
STB1-P particles (-Δf = 83 Hz and ΔD = 21.6 ×10-6 at t = 30 min) are much larger 
than those for K2/A, K3/A or K6/A particles (-Δf = 48 ~ 54 Hz and ΔD = 4.2×10-6 ~ 
5.7 ×10-6 at t = 30 min).  
 
On SiO2 surface, the binding of STB1-P particles displays a large ΔD (= 26.0 
×10-6 at t = 30 min), and a small increase in f (Δf = 8 Hz at t = 30 min). A large ΔD 
coupled with negligible or positive Δf is an interesting phenomenon, having been 
observed elsewhere for the binding of phages displaying Ti-binding peptides to Ti 
surface (Sano and Shiba, 2003), and for the formation of three-dimensional lipid 
vesicles matrix (Granéli et al, 2004). It is claimed that such f and D responses 
originate from viscoelastic films approaching resonant condition, or film resonance, 
which happens in relatively thick films (Steinem and Janshoff, 2007). Film resonance 
on the acoustic resonator (Martin et al., 2000; Lagier et al., 2005) occurs when the 
layer thickness is so high (a few micrometers) that the acoustic phase shift across the 
film reaches an odd multiple of π/2, which leads to positive or negligible Δf and large 
ΔD. For STB1-P binding to SiO2, only STB1 peptides, but not the phage body itself, 
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interact with SiO2 (Scheme 4.1c). Therefore, the STB1-P particles may densely pack 
on SiO2 surface, forming a ~ 1 μm (the length of phage particles) thick film which 
consequently leads to film resonance. The film resonance measured by QCM-D can 
be a signature of peptide-mediated binding of STB1-P particles to SiO2 surface (Chen 
et al., 2006). This signature has been observed for many other STB1-P mutants 
binding to SiO2 (Figure 4.3 and Figure 4.4). The discussion for those mutants will be 
given later. For the mutants of K2/A, K3/A or K6/A particles, no obvious film 
resonance is observed and both the Δf and ΔD are all very small. All these 
characteristics show that the substitution of any of the K residue impedes 
peptide-mediated particle binding to SiO2.  
 
4.3.3 The collective effect of positively charged residues 
We have shown that the three K residues in STB1 are essential for the binding of 
STB1-P particles to both SiO2 and TiO2. The next question to address is whether they 
are sufficient for this task. The answer is sought by measuring the binding of 
H1P4S5S7/A, where residues other than K are replaced by A. On TiO2 surface, 
H1P4S5S7/A particles showed larger changes in f and D than STB1-P particles (Figure 
4.2a and 4.2b), indicating H1P4S5S7/A peptide has stronger binding affinity to TiO2 
than STB1. On SiO2 surface, H1P4S5S7/A particles showed the signature of film 
resonance (a large ΔD value coupled with positive Δf) (Figure 4.3a), indicating that 
H1P4S5S7/A peptide is able to anchor phage particles on SiO2 surface in an analogous 
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manner as described for STB1-mediated STB1-P binding (chapter 3, Figure 3.7), 
although it has weaker binding affinity than STB1 (smaller ΔD). Taken together, 
although non-K residues in STB1 are capable of modulating the binding avidity of the 
STB1-mediated phage particle binding, they are dispensable and their modulating 
effect is marginal in a surface-dependent manner. This suggests that the presence of 
three K residues is sufficient to render the binding of H1P4S5S7/A phage particles to 
TiO2 and SiO2. In other words, the electrostatic interaction between the three K 
residues and TiO2 or SiO2 is not only essential but also sufficient to anchor phage 
particles. In this electrostatic interaction, the positive charges carried by STB1 and 
H1P4S5S7/A peptide are estimated to be +2.7 and +2.6, respectively, almost all of 
which are contributed from the three K residues. When any K residue is replaced with 
A residue, the net charge of the resulting peptides is remarkably reduced to +1.7 
(K2/A, K3/A or K6/A), +0.7 (K2K3/A, K3K6/A or K2K6/A) or even -0.3 (K2K3K6/A). 
This dramatic charge reduction in the surface displayed peptide binding moiety may 































































Figure 4.2  
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Figure 4.2 (a) and (b) are the time course of frequency shift (Δf) and dissipation shift 
(ΔD), respectively, for the binding of M13-control, STB1-P, H1P4S5S7/A, 
H1/K|P4/K|S5S7/A and K2K3K6/R particles to TiO2 surface. (c) and (d) are the time 
course of frequency shift (Δf) and dissipation shift (ΔD), respectively, for the binding 
of M13-control, STB1-P, H1/A, P4/A, S5/A, S7/A and S5S7/A particles to TiO2 surface. 
All the STB1-P point mutants here do not show the signature of film resonance, so 
both Δf and ΔD can be used to quantitatively assess the amount of bound phage 
particles. 
 




























































Figure 4.3 (a) is the time course of dissipation shift (ΔD) for the binding of 
M13-control, STB1-P, H1P4S5S7/A, H1/K|P4/K|S5S7/A and K2K3K6/R particles to SiO2 
surface. (b) is time course of dissipation shift (ΔD) for the binding of M13-control, 
STB1-P, H1/A, P4/A, S5/A, S7/A and S5S7/A particles to SiO2 surface. (c) is the time 
course of frequency shift (Δf) for the binding of H1P4S5S7/A, H1/K|P4/K|S5S7/A, 
K2K3K6/R, P4/A, S5/A, S7/A and S5S7/A particles to SiO2 surface. The Δf values in 
Figure 4.3c and Figure 4.4 are all positive. So all the STB1-P point mutants here, 
except M13-control, show the signature of film resonance. Under the condition of 
film resonance, the amount of bound materials cannot be assessed using Δf, whereas 
ΔD values may be used to assess the amount of bound phage particles. Originally, ΔD 
is a qualitative assessment of the viscoelasticity of bound films. In the case of phage 
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particles binding to SiO2 as illustrated in Scheme 4.1c, the viscoelasticity of the phage 
film would depend only on the amount of the phage particles bound on SiO2: the more 
phage particles bind to SiO2, the more viscoelastic is the phage film and thus the 
larger ΔD is, which is well justified from the continuous increase of ΔD during the 30 
min binding process of STB1-P particles on SiO2 surface. Thus, it can be assumed that 
the magnitude of ΔD is proportional to the amount of bound phage particles. This 
assumption is well supported by an example of QCM-D measurements of H1/A 
particles binding to SiO2 at different concentrations (see Figure 4.4). 
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Figure 4.4 (a) and (b) are the time course of frequency shift (Δf) and dissipation shift 
(ΔD), respectively, for the binding of H1/A particles to SiO2 surface at different 
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concentrations. The QCM-D results for the binding of H1/A particles to SiO2 at 
concentrations from 0.7 ×1010 pfu/ml to 7.0 ×1010 pfu/ml all show the signature of 
film resonance (i.e. large ΔD coupled with negligible or positive Δf). At the same 
condition, the ΔD values are proportional to the concentration of H1/A particles: 
higher concentration of H1/A particles led to larger ΔD. Therefore, ΔD can be used as 
a qualitative assessment of the amount of phage particles on SiO2 surface under the 
condition of film resonance. 
 
Would the binding affinity of phage particles be increased by having more K 
residues or residues with more basic side chains? This question came up following the 
observation that reduced number of K residues (and the accompanying positive 
charge decrease) in STB1 completely abolished the binding of respective STB1-P 
mutants to TiO2 and SiO2. To answer this question, two more mutants (i.e. 
H1/K|P4/K|S5S7/A and K2K3K6/R) were created as listed in Table 4.1 and their binding 
behavior on both metal oxides was analyzed. H1/K|P4/K|S5S7/A peptide has five K 
residues with the estimated net charge of +4.6, hence phage particles displaying this 
peptide are expected to exhibit a higher binding affinity to either metal oxide if the 
phage particle binding is based on the electrostatic interaction between the peptide 
binding moiety and the negatively charged metal oxide surface. Compared with 
STB1-P, however, H1/K|P4/K|S5S7/A particles have not stronger but weaker binding 
affinity on both TiO2 (Figure 4.2a and 4.2b) and SiO2 (Figure 4.3a) surfaces. This 
indicates that there are critical factors, other than the positive charge density, which 
should also be considered in determining the avidity of phage particle binding to the 
metal oxides. The simulated conformation of H1/K|P4/K|S5S7/A peptide (Figure 4.5c) 
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shows that each side chain of K residues points away from each other to random 
directions, in contrast to cis-K conformation of STB1. The RMSD (root mean square 
deviation) analysis (Figure 4.5d) suggests that the structure of H1/K|P4/K|S5S7/A 
peptide is more rigid than that of STB1, probably due to enhanced intramolecular 
electrostatic repulsion among the five positively charged K residues. In the context of 
a disulfide-bond constrained cyclic structure, it is energetically unfavorable to align 
the positively charged side chains of closely packed K residues. As a result of this 
conformational restriction of H1/K|P4/K|S5S7/A peptide, despite the increased number 
of K residues and positive charges, the corresponding phage particles face difficulty in 
harnessing the coordinated positive charge contribution of K residues at the time of 
accessing the metal oxide surface. Even when some K residues in H1/K|P4/K|S5S7/A 
peptide point to the same direction, they would find little flexibility to move around to 
approach negative charges distributed on oxide surfaces. Therefore, H1/K|P4/K|S5S7/A 
particles bind to both metal oxides with weaker affinity than STB1-P particles. In a 
recent study (Krauland et al., 2007), Krauland et al. observed that the peptide with 
grouped K residues (-GGGKKKGGGKKK-) showed a weaker binding affinity to 
Al2O3 surface than the peptide with separated K residues (-GKGKGKGKGKGK-). 
They also claimed that it was the difficulty to align side chains of grouped K residues 
that led to the decreased binding affinity. In another study (Imamura et al., 2003), 
Imamura et al. reported that acidic residues electrostatically interact with stainless 
steel surface, and the peptide with four acidic residues gave the maximum binding 
affinity. Increasing the number of acidic residues in peptides reduced the binding 
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affinity, which was tentatively attributed to enhanced repulsion among negatively 
charged side chains of acidic residues. Taken together, it suggests that in a defined 
peptide compositional and/or conformational context, there is an optimal number or 
distribution of charged residues to give the strongest electrostatic interaction between 







Figure 4.5  
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Figure 4.5 An example of the water box including a peptide constructed for 
molecular dynamics simulation (a), and snapshots of the simulated conformations of 
free STB1 peptide (b), H1/K|P4/K|S5S7/A peptide (c). Inside each snapshot, the left 
image shows the surface electrostatic potential with positive charge depicted in blue 
and negative charge depicted in red; in the right image, the peptide’s backbone is 
highlighted in green tube with K residues represented in stick and other residues 
represented in line. (d) RMSD, i.e. root mean square deviation, of the backbone of the 
simulated conformations (produced during the 200 ps dynamics production) of free 
STB1 and H1/K|P4/K|S5S7/A peptides. RMSD measures the flexibility of the peptide 
structure. (e) The illustration of two intramolecular H-bonds (dashed green lines) in 
the simulated conformation of free STB1 peptide. One H-bond is formed between 
H1’s NE2 nitrogen and K2’s HZ3 hydrogen, and the other H-bond between S5’s OG 
oxygen and K’s HN hydrogen. These four atoms are highlighted in ball style. The 
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atom nomenclature is taken from the Discovery Studio 1.7 software package. 
 
K2K3K6/R particles, where three K residues are substituted with three R residues, 
binds to TiO2 (Figure 4.2a and 4.2b) and SiO2 (Figure 4.3a) surfaces with almost the 
same affinity as STB1-P particles do. This was expected because the K2K3K6/R 
peptide shares a structure similar to that of STB1 (simulation results not shown), and 
the orientation of the side chains of all the three R residues is in a single direction to 
allow their simultaneous participation in the electrostatic interaction with the metal 
oxide surface. At pH 7.5, each R residue's side chain does not carry more positive 
charge than K residue's side chain and the estimated charge (+2.7) of K2K3K6/R 
peptide is the same as that of STB1. Krauland et al. reported that in the same peptide 
context (Krauland et al., 2007), R-containing peptides showed weaker binding affinity 
than K-containing peptides on Al2O3 surface. They claimed that the positive charge 
distribution in R residue is “delocalized in the guanidinium group”, while it is 
“confined to a primary amine” in K residue. The delocalization of positive charge in R 
residue might weaken the electrostatic interaction with the anions on Al2O3 surface. 
Our results, however, suggest that R residues behave quite similar as K residues in the 
peptide’s electrostatic interaction with SiO2 and TiO2 surfaces and this confirms the 
crucial contribution of both the charge density and its favorable distribution.  
 
4.3.4 The influence of contextual residues 
The strong electrostatic interaction between STB1 and oxide surfaces originates 
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from the three K residues in the context of other four residues, i.e. H1, P4, S5 and S7. 
Inspired by the study of Peelle et al. (Peelle et al., 2005), we believe these residues 
may exert some contextual influence and modulate the binding affinity of STB1. In 
order to verify this speculation, the binding of H1/A, P4/A, S5/A, S7/A and S5S7/A 
particles to SiO2 (Figure 4.3b) or TiO2 (Figure 4.2c and 4.2d) was measured. On SiO2 
surface, all of these mutants show the signature of peptide-mediated binding with a 
relatively stronger (H1/A and S5/A particles) or weaker (P4/A, S5/A, and S5S7/A 
particles) binding affinity than STB1-P, suggesting that the contextual residues mildly 
modulate the binding affinity of STB1 to SiO2 but are not indispensable. On TiO2 
surface, H1/A and S5/A particles showed a stronger binding affinity than STB1-P, 
similar to that on SiO2 surface; P4/A, S5/A, and S5S7/A particles behaved similarly as 
W-M13, which is probably because the binding affinity of P4/A, S5/A, and S5S7/A 
peptides is so weak that it is screened by the non-specific interaction between phage 
bodies and TiO2 surface. In the simulated conformations of STB1 like Figure 4.5a, 
there are two intramolecular H-bonds (Figure 4.5e): one is between H1 and K2 (His1: 
NE2 --- Lys2: HZ3 bond), and the other is between S5 and K6 (Ser5: OG --- Lys6: HN 
bond). The His1: NE2 --- Lys2: HZ3 bond might hinder the protonation of K2’s side 
chain and the Ser5: OG --- Lys6: HN bond might reduce the rotational flexibility of 
K6. Therefore, this putative H-bond formation might hinder the interaction of K2 and 
K6 with SiO2 or TiO2 surface. Thus, the increased binding affinity of H1/A or S5/A 
may arise from the elimination of His1: NE2 --- Lys2: HZ3 bond or Ser5: OG --- Lys6: 
HN bond, respectively. The conformations of free H1/A, P4/A, S5/A, S7/A and S5S7/A 
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peptides were also simulated (data not shown), but no plausible clues can be extracted 
to resolve the observed changes in their binding affinity. The simulated conformations 
of free peptides alone may not be sufficient to deduce how the contextual residues 
affect their binding behavior on SiO2 or TiO2 surface, as the surface structure and 
surface-induced effect (e.g. conformational changes) may also be critical in 
determining contextual roles of STB1 residues for their binding. In the study of a 
peptide that electrostatically binds to Ti surface by Sano et al. (Sano and Shiba, 2003), 
the binding affinity of the peptide was also found to be affected by substituting 
non-charged residues with A residues but the mechanism was not investigated. 
Although Peelle et al. extensively measured the effect of neighboring residues on the 
binding of H residues to inorganic surfaces (Peelle et al., 2005), the underlying 
mechanism of how the contextual residues influence the binding of H residues was 
not revealed. There are many chemical and physical factors that might come into play 
(Patwardhan et al., 2007). Understanding this requires a clear picture of the 
interaction between peptides and inorganic surfaces at an atomic level, which is still 
very challenging by experimental methods and molecular simulations. We are 
currently not able to extract plausible clues to resolve the contextual influence from 
the QCM-D measurements and molecular dynamics simulation. Simulation of the 
interaction between STB1 point mutants and SiO2 or TiO2 surface at atomic level can 





In order to better understand the interaction between STB1 and SiO2 or TiO2, 
various point mutants of the STB1 peptide were created on phage surfaces using 
oligonucleotide-directed mutagenesis. Their binding to SiO2 and TiO2 was measured 
using QCM-D technique and the binding affinity was compared based on QCM-D 
frequency and dissipation data. It was found that the electrostatic force exerted by the 
three K residues of STB1 was essential and also sufficient to anchor phage particles 
on SiO2 and TiO2 surfaces. Molecular dynamics simulation revealed that the 
positively charged side chains of K residues are aligned to the same direction and 
interact with negatively charged oxide surfaces simultaneously. However, a mutant 
with five K residues showed weaker binding affinity than STB1 because it has 
reduced ability to orient the side chains of K residues in the same direction to interact 
with oxide surfaces. This suggests that the peptide geometry is a very important factor 
and exerts great control over the interaction between peptides and inorganic surfaces. 
The non-K residues of STB1 have some contextual influence on its binding behavior, 
and the binding affinity of H1/A, P4/A, S5/A, S7/A, S5S7/A and H1P4S5S7/A changed to 
various extents. It is noteworthy that compared with STB1, H1P4S5S7/A peptide 
showed stronger binding affinity on TiO2 surface but weaker binding affinity on SiO2 
surface, indicating its ability to select TiO2 over SiO2. Although the mechanism of 
these contextual influence is currently not clear, our results suggest that the binding 
affinity and selectivity of peptides to target inorganic materials can be optimized and 




ENGINEERING LACI WITH STB1 AND INVESTIGATING 




In Chap. 3, we used the phage display technique and identified a 
cysteine-constrained heptameric peptide (-CHKKPSKSC-, referred to as STB1 
hereafter) exhibiting specific binding affinity to both SiO2 and TiO2 NPs. The binding 
of STB1 to SiO2 and TiO2 was found to be dominated by electrostatic interaction 
(Chap. 4). In this chapter, we genetically engineer STB1 into the C-terminus of LacI 
with the aim to tailor LacI-lacO system into a suitable platform for organizing SiO2 
and TiO2 NPs at a molecular level. The binding behavior (kinetics and affinity) of 
wild-type LacI and engineered LacI with STB1 moiety (LacI-STB1) to planar SiO2 
and TiO2 are quantitatively studied using QCM-D. The contribution of the N-terminal 
DBD of the wild-type LacI to its nonspecific binding to both metal oxides is 
quantitatively assessed using a truncated wild-type LacI (whose DBD is removed by 




5.2 Experimental Section 
 
5.2.1 Protein expression and mutation 
A wild-type LacI over-producing strain, E. coli K12 BMH8117 harboring plasmid 
pWB1000, was kindly provided by Dr. A. Kumar in Lund University, Sweden (Kumar 
et al., 1999). Three recombinant plasmids encoding LacI mutants were created using 
plasmid pWB1000 and QuikChange® XL Site-Directed Mutagenesis Kit (Stratagene, 
CA, USA, Cat#: 200517). In order to render STB1 solvent accessible when fused to 
LacI, DNA cassette encoding STB1 was inserted between the last two codons 
(encoding amino acid 359 and 360 at the C-terminus) of the LacI gene to allow the 
translation of STB1 and LacI monomer as a single fusion protein (Figure 5.1b and 
Table 5.1). This insertion at extreme C-terminus would least disturb the overall 
tertiary structure of LacI and its DNA-binding ability. The sequence of inserted STB1 
was inverted in order to mimic its orientation as displayed at the end of pIII protein on 
phage surface. The DNA cassette for each control peptide sequence, a complete 
alanine replacement (-AAAAAAAAA-) or a cysteine-flanked alanine replacement 
(-CAAAAAAAC-), was also inserted at the same position (Table 5.1). Multiple 
rounds of insertion mutagenesis were performed to create each mutant as a single 
mutagenesis experiment using QuikChange XL kit could only insert up to 12 bases (4 
amino acids) into plasmid DNA. Following the mutagenesis, the plasmids were 
sequenced to confirm the correct insertion of DNA sequences. All the three LacI 







Figure 5.1 (a) Crystal structure of wild-type LacI. (b) Illustration of STB1 peptides 
fused at the four C-termini of LacI. The foreign STB1 peptides are represented in a 
ball-and-stick style, in contrast to the original structure of LacI represented as ribbons. 
The coordinate and conformation of STB1 peptides in this illustration do not reflect 
the actual situation. Both images were generated from PDB file 1LBI using Accelrys 





Table 5.1 Illustration of the position of foreign peptide sequences inserted at the 
C-terminus of wild-type LacI. 
 
Proteins  Monomer sequence 
  1 2 3 4~354 355 356 357 358 359 360     
Wild-type LacI N'~ M K P …… R L E S G Q ~C'    
            Foreign Peptides    
  1 2 3 4~354 355 356 357 358 359  360~368  369  
LacI-STB1 N'~ M K P …… R L E S G ̶ CSKSPKKHC ̶ Q ~C' 
LacI-9A N'~ M K P …… R L E S G ̶ AAAAAAAAA ̶ Q ~C' 
LacI-C7AC N'~ M K P …… R L E S G ̶ CAAAAAAAC ̶ Q ~C' 
Note: The amino acids are denoted by single-letter abbreviations. The number above 
each amino acid describes its sequential position from the N-terminus. STB1 peptide 
was identified using phage surface display, and its “H” side was outermost at the 
N-terminus of pIII protein displayed on phage surface. In order to mimic this 
orientation, the sequence of STB1 was inverted so as to expose its “H” side outermost 
when fused to the C-terminus of LacI.  
 
5.2.2 Protein purification, characterization and proteolysis 
Wild-type LacI and its three mutants (these four proteins are referred to as LacIs 
hereafter) were purified according to Kumar et al.’s protocol (Kumar et al., 1999) with 
some modifications. Briefly, after fermentation, cells were harvested and disrupted 
using a mechanical disruptor operated at 21 Kpsi (Constant Cell Disruption Systems - 
One Shot Model, supplied by Constant Systems Ltd, Northants, UK) in CSB buffer at 
pH 7.2 (0.2 M Tris-HCl, 0.2 M KCl, 10 mM MgCl2, 5% (v/v) glycerol, 1 mM NaN3, 
0.3 mM DTT and 1 mM PMSF). Cell debris was removed by centrifugation and the 
supernatant was subsequently subjected to 20% - 35% (NH4)2SO4 precipitation. The 
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precipitate at 35% (NH4)2SO4 was resuspended in 0.08 M KPG buffer at pH 7.2 (0.08 
M K2HPO4, 1 mM EDTA, 5% (w/v) glucose, 0.3 mM DTT and 1 mM NaN3) and 
dialyzed against the same buffer overnight. The dialyzed protein extract was 
centrifuged to remove any undissolved materials and the supernatant was loaded into 
a column packed with cellulose phosphate (P-11, from Whatman Int. Ltd., England, 
Cat#: 02371-100). Wild-type LacI was eluted with a gradient of 0.08-0.3 M KPG 
buffer at pH 7.2. The three other LacI mutants were eluted with slightly different 
buffer gradient: LacI-STB1 with a gradient of 0.08-0.3 M KPG buffer at pH 8.0 and 
two control mutants (LacI-9A and LacI-C7AC) with a gradient of 0.05-0.3 M KPG 
buffer at pH 7.2. The eluted fractions were analyzed by 10% SDS-PAGE. The 
concentrations of purified proteins were measured using Bradford Assay Kit (Pierce, 
IL, USA, Cat#: 23236). 
 
For the protein characterization, LacIs were identified by western blotting using 
Immun-Blot AP Assay Kit, Goat Anti-Mouse IgG (H+L) AP (Bio-Rad, Cat#: 
170-6461) with Anti-LacI (Upstate, NY, USA. clone 9A5, Cat#: 05-503) as a primary 
antibody. Circular dichroism spectroscopy (Jasco J-810, Jasco Corp., Japan) was used 
to identify the secondary structures of LacIs.  
 
The DNA binding domain (DBD) at the N-terminus (amino acids 1-51 or 1-59) of 
LacIs was removed by mild proteolysis based on the protocols reported elsewhere 
(Geisler and Weber, 1977; Matthews, 1979). The proteolysis reaction was performed 
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at pH 7.2 and a final concentration of 0.2 mg/ml LacIs in 1.0 M Tris-HCl, 20% (v/v) 
glycerol, 0.01 M 2-mercaptoethanol and 200 µg/ml trypsin (Sigma-Aldrich, Cat#: 
T0303). After 60 min incubation at room temperature, the proteolysis reaction was 
stopped by adding PMSF to a final concentration of 400 µg/ml. The digested LacIs 
were finally purified by gel filtration chromatography (column packed with Bio-Gel® 
P-100 Gel, from Bio-Rad, Cat#: 150-4174) using 0.08 M K2HPO4 buffer at pH 7.5 
with 1 mM EDTA and 0.3 mM DTT. 
 
5.2.3 QCM-D analysis of LacIs binding to planar SiO2 and TiO2 surface  
The same QCM-D system described in Chap. 3.2.4 was used in this chapter. All 
the measurements were conducted at 24.7 ± 0.1°C and the f and D values collected at 
the third overtone were presented for analysis. For the kinetics analysis, 
measurements were conducted in open-flow mode to provide fixed protein 
concentrations inside the measurement cell. Protein adsorption isotherms for 
wild-type LacI, LacI-STB1 and LacI-C7AC (Figure 5.7 and Figure 5.8) were obtained 
at five different concentrations (1.0, 2.5, 5.0, 10.0, and 20.0 µg/ml) in binding buffer 
(0.08 M K2HPO4, 1 mM EDTA and 0.3 mM DTT at pH 7.5). The protein solutions 
were kept in a water bath at 24.7°C and were continuously circulated into the 
measurement cell at a flow rate of 1.0 ml/min using a peristaltic pump. The binding of 
20 µg/ml LacI-9A to SiO2 and TiO2 was also measured in the open-flow mode (Figure 
5.4). The rest of QCM-D measurements were all conducted in batch mode (Figure 5.5 
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and Figure 5.6). The noise of f and D with the liquid load is 0.3 Hz and 0.2 × 10-6, 
respectively. 
 
A 40 base-pair double-stranded DNA sequence containing a symmetric operator 
(lacO) (Falcon and Matthews, 2000), 5’- TGTTG TGTGG G AATTG TGAGC 
GCTCA CAATT TCACA CAGG -3’; 3’- ACAAC ACACC C TTAAC ACTCG 
CGAGT GTTAA AGTGT GTCC -5’ (bases in bold font are the symmetric operator 
sites), was synthesized by Research Biolabs Technologies Pte Ltd, Singapore. To 
verify the involvement of N-terminal DBD of LacIs in nonspecific binding, respective 
LacIs (~65 nM, or 10 µg/ml) were mixed with lacO (1 µM) and incubated for 15 min 
at room temperature. The resulting LacI/lacO complexes were then applied in the 
QCM-D measurements. Each molecule of LacIs ideally binds to two lacO sequences. 
The high ratio of lacO to LacIs (15:1) is to ensure that LacIs’ DBD is effectively 
blocked. 
 
5.3 Results and Discussion 
 
5.3.1 Protein characterization 
All the three LacI mutants (i.e. LacI-STB1, LacI-9A and LacI-C7AC) were well 
expressed by E. coli. Highly pure (>95%) LacIs were eluted from P-11 column and 
their identities were confirmed by western blotting (Figure 5.2). The circular 
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dichroism (CD) spectra of the wild-type LacI and the LacI-STB1 overlapped each 
other very well, indicating that their secondary structures are well maintained (Figure 
5.3). These observations suggest that STB1 was successfully fused with LacI without 
changing its native structure.  
 
 
                        
 
 
Figure 5.2 SDS-PAGE (a) and western blotting analysis (b) of purified wild-type LacI 
(lane 1), LacI-STB1 (lane 2), LacI-9A (lane 3), LacI-C7AC (lane 4), truncated 
wild-type LacI (lane 5), truncated LacI-STB1 (lane 6), truncated LacI-9A (lane 7) and 
truncated LacI-C7AC (lane 8). SeeBlue® Plus2 Pre-stained Standard (Invitrogen, Cat#: 
LC5925) was used as a molecular weight marker (MW). The molecular weights of the 
subunits of LacIs (lanes 1 to 4), varying from 38.6 KDa to 39.6 KDa, were hardly 
differentiated by 10% gel. Truncated LacIs with their N-terminal 1-51 or 1-59 amino 
acids removed showed a slightly increased mobility. In western blotting analysis, all 
the four LacIs were clearly detected; the upper band of LacI-STB1 (b, lane 2) and 
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LacI-C7AC (b, lane 4) between 64 KDa and 98 KDa are believed to be the dimers 
formed by the cross linking of cysteine residues inserted at the C-termini. Truncated 
LacIs were unable to be detected in western blotting analysis (b, lane 5 to 8) because 
the epitope recognized by the monoclonal anti-LacI 9A5 is located within the 
N-terminal region of LacI as confirmed by the supplier. 






















Figure 5.3 CD spectra of Wild-type LacI (□) and LacI-STB1 (●). The protein 
concentration was 0.1 mg/ml in 0.08 M K2HPO4, 1 mM EDTA and 0.3 mM DTT at 
pH 7.5. A 0.5 cm cylindrical cell was used in measurements. Spectra were corrected 
by subtracting the buffer baseline and averaged 20 times.  
 
5.3.2 Qualitative study of LacIs binding to planar SiO2 and TiO2 
Calabretta and co-workers found that the wild-type LacI bound gold through the 
N-terminal DBD (Calabretta et al., 2006). Our QCM-D measurements showed that 
this protein also bound SiO2 and TiO2 (Figure 5.4). The frequency curves in a 30 min 
measurement window demonstrated that binding of wild-type LacI to the two metal 
oxide surfaces was fast, achieving the equilibrium in the first 3 min with the Δf 
reaching - 45 Hz (75% of the final Δf) and - 51 Hz (91% of the final Δf) on SiO2 and 
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TiO2 surfaces, respectively. The incorporation of STB1 into the wild-type LacI 
rendered LacI-STB1 a stronger binder as evidenced by the larger changes in f and D 
on both SiO2 and TiO2 surfaces (ΔfSiO2 = - 172 Hz, ΔDSiO2 = 20.8 ×10-6; ΔfTiO2 = - 
163 Hz, ΔDTiO2 = 19.4 ×10-6) when compared to those of wild-type LacI (ΔfSiO2 = - 
60 Hz, ΔDSiO2 = 5.9 ×10-6; ΔfTiO2 = - 56 Hz, ΔDTiO2 = 3.6 ×10-6. The f and D 
changes for LacI-STB1 were continuous and much larger (as compared to wild-type 
LacI) but unable to reach equilibrium in the course of 30 min binding measurement. 
For the control mutant LacI-9A or LacI-C7AC, the f and D responses were very 
similar to those of wild-type LacI, suggesting that control peptides inserted did not 
affect the intrinsic binding affinity of wild-type LacI to either metal oxide. In 
summary, the QCM-D results in Figure 5.4 clearly revealed the following 
characteristics: 1) wild-type LacI binds to SiO2 and TiO2 with fast binding kinetics; 2) 
LacI-STB1 binds to SiO2 and TiO2 more effectively but it takes much longer time to 
reach equilibrium; 3) Two LacI control mutants display similar binding characteristics 
to those of the wild-type LacI. The distinct binding behavior of LacI-STB1 must be 
attributable to the presence of STB1 peptide fused at its C-terminus, whose affinity to 
TiO2 and SiO2 has been confirmed previously. 
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Figure 5.4 Time course of resonance frequency shift (Δf) and dissipation factor shift 
(ΔD) for the binding of wild-type LacI and LacI mutants to (a) SiO2 or (b) TiO2 
surface. At t = 0 min, Δf = 0 Hz and ΔD = 0. The protein concentration was 20 µg/ml 
in 0.08 M K2HPO4, 1 mM EDTA and 0.3 mM DTT at pH 7.5. The Δf and ΔD curves 
for wild-type LacI and two control mutants (LacI-9A and LacI-C7AC) were quite 
close to each other on either surface, suggesting that the insertion of two control 
peptides did not affect the intrinsic binding affinity of wild-type LacI. LacI-STB1 
brought much larger changes in f and D than the other three proteins, presumably due 
to its increased binding affinity to the metal oxides. 
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Besides SiO2 and TiO2, wild-type LacI was found to exhibit strong affinity to a 
wide range of inorganic materials, including Cu2O, ZnO, Pd and Pt (data not shown). 
We suspected that the DBD of wild-type LacI should be responsible for its broad 
binding ability to inorganic materials because of two merits: 1) the DBD is highly 
basic in nature (theoretical pI ~9.3, Calabretta et al., 2006) which would enable 
electrostatic interaction with inorganic materials that are usually negatively charged; 2) 
the DBD located at the N-terminus is very flexible and disordered if not conjugated 
with DNA, which enables it to adapt to solid surfaces easily. In order to verify this 
surmise, the DBD of LacIs was blocked by forming complexes with lacO sequence, 
prior to QCM-D measurements (Figure 5.5). The wild-type LacI/lacO complex 
brought a much smaller Δf on SiO2 (-9 Hz) or TiO2 (-11 Hz) surface, suggesting that 
the wild-type LacI lost its binding ability to SiO2 and TiO2 once its DBD was blocked. 
The two control mutants (LacI-9A and LacI-C7AC) conjugated with lacO behaved 
similarly on the two surfaces as the wild-type LacI. In contrast, the LacI-STB1/lacO 
complex still generated appreciable Δf on SiO2 (-53 Hz) or TiO2 (-31 Hz) surface, 
clearly ascertaining the role of fused STB1 for the observed binding. 
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Figure 5.5 Time course of resonance frequency shift (Δf) and dissipation factor shift 
(ΔD) for the binding of wild-type LacI and LacI mutants conjugated with lacO to (a) 
SiO2 or (b) TiO2 surface. At t = 0 min, Δf = 0 Hz and ΔD = 0. Wild-type LacI (10 
µg/ml) binding to SiO2 or TiO2 surface was shown as a reference. The LacI/lacO 
complexes were formed by mixing ~65 nM proteins (10 µg/ml) with 1 µM lacO in 
0.08 M K2HPO4, 1 mM EDTA and 0.3 mM DTT at pH 7.5. Compared to wild-type 
LacI binding, remarkably reduced Δf and ΔD values were found for the interaction of 
wild-type LacI/lacO, LacI-7A/lacO, LacI-C7AC/lacO complexes to either metal 
oxide, suggesting the DBD of LacI was clearly involved in LacI binding to SiO2 and 
TiO2. Note that the LacI-STB1/lacO complex still exhibited larger changes in f and D 
than the other three, indicating that the inserted STB1 enabled the complex to retain 
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its binding affinity to SiO2 and TiO2 despite the lacO-mediated screening effect. 
 
To further examine the role of the DBD in LacIs for their interaction with SiO2 
and TiO2, the DBD was removed by mild proteolysis using trypsin (Figure 5.2). 
Trypsin specifically attacks lysine and arginine residues in proteins (Olsen et al., 
2004). At mild conditions, tryptic cleavage was found to be restricted to two amino 
acids at the hinge region of wild-LacI, arginine-51 and lysine-59 (Geisler and Weber, 
1977). For LacI-STB1, the three lysine residues contained in the exposed STB1 would 
also be cleaved by trypsin, resulting in the removal of both DBD and STB1 peptides 
from LacI-STB1. QCM-D measurements (Figure 5.6) showed that the binding of 
these trypsin-digested LacIs (or truncated LacIs) to SiO2 and TiO2 was significantly 
diminished. On both surfaces, all the truncated LacIs showed very small Δf (> -5 Hz) 
and ΔD (< 0.5 ×10-6) (close to noise level), providing a direct evidence that the LacIs 
binding to SiO2 and TiO2, in the absence of the inserted STB1, originated from its 
DBD.  
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Figure 5.6  
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Figure 5.6 Time course of resonance frequency shift (Δf) and dissipation factor shift 
(ΔD) for the binding of truncated LacIs to SiO2 surface (a) and TiO2 surface (b). 
 
Considering 1) the distinct binding behavior of the LacI-STB1 over wild-type 
LacI or LacI mutants harboring control peptides; 2) the effective binding of 
LacI-STB1 despite the screened N-terminal DBD; 3) proven affinity of STB1 to SiO2 
and TiO2 (Chen et al., 2006), it is evident that the fused STB1 mediated LacI-STB1’s 
binding to either metal oxide. In other words, the LacI-STB1 has two remote binding 
regions (one at the C-terminus and the other at the N-terminus), both enabling its 
binding to SiO2 or TiO2. Having confirmed the direct role of inserted STB1 in the 
engineered LacI, it is tempting to further assess the binding behavior of LacI-STB1 
containing dual binding moieties on SiO2 or TiO2 surface, comparatively with those of 
wild-type LacI possessing a single binding site. 
5.3.3 Quantitative analysis of binding kinetics 
Further investigation of the binding behavior of wild-type LacI and LacI-STB1 to 
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SiO2 or TiO2 requires an understanding of their kinetics. Generally, the strength of a 
two-molecule binding is characterized by binding constant Kd, which is related to the 
rate of complex formation (the adsorption rate constant, Kon) and the rate of the 
complex dissociation (the desorption rate constant, Koff). A high-affinity binding 
exhibits an overall small Kd, usually a combination of rapid binding (high Kon) and 
high stability of the formed complex (low Koff) (Karlsson et al., 1991). Therefore, the 
measurements of Kon and Koff, rather than Kd alone, were expected to give valuable 
insights into how peptide modifications affect LacIs-metal oxide interaction.  
 
Using the real-time Δf data from QCM-D measurements, Sano et al. (Sano et al., 
2005) developed a mathematical method to calculate the Kon and Koff under the 
assumption that the adsorption and desorption processes of proteins on solid surfaces 
followed first order binding kinetics. In our case, protein adsorption isotherms for 
wild-type LacI, LacI-STB1 and LacI-C7AC (see Figure 5.7 and 5.8) were obtained on 
both SiO2 and TiO2 surfaces using QCM-D. The adsorption isotherms show two 
phases as marked by the two distinctive slopes of each ΔD - Δf plot in Figure 5.9. The 
assumption of first-order binding kinetics stood well in the first phase (within the first 
~5 min), where the binding process was simply dominated with adsorption and 
desorption of LacIs. In the second phase, the bound molecules would re-arrange 
themselves, unflold or even aggregate on the surfaces at high coverage, which are 
common phenomena in protein-solid surface interaction (Tie et al., 2003; Gray, 2004; 
Santore and Wertz, 2005). Kinetics analysis was therefore only applied to the first 
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binding phase, and the calculation of Kon, Koff and Kd is detailed in the Supporting 
Information. 
 
Using the binding of wild-type LacI to SiO2 as an example, the Kon, Koff and Kd 
can be derived as follows. 
Adsorption process: 




•=⋅                      (5.2) 
Desorption process: 




•=⋅•                      (5.4) 








2                         (5.5) 
Because the QCM-D uses Δf as the measure of binding process, the [SiO2] and 
[LacI●SiO2] are represented as: 
[SiO2] =Δf –Δfsat, [LacI●SiO2] = -Δf 
where Δfsat is the Δf when SiO2 is fully covered by LacI. 
The mass balance is expressed as: 
]SiO[LacI]SiO[LacI][]SiO[LacI 222 •⋅−⋅=• offon KKdt


















               (5.8) 
 
The binding kinetics of wild-type LacI, LacI-STB1 and LacI-C7AC to SiO2 or 
TiO2 surface was assessed using QCM-D. The f responses for binding of LacIs to 
SiO2 surface and TiO2 surface and the corresponding curve analysis are presented in 
Figure 5.7 and Figure 5.8, respectively. The slopes of the plots of d(-Δf)·dt-1 vs -Δf 
(Equation 5.7) were calculated at each concentration, and Kon and Koff estimated by 
fitting the calculated slopes against protein concentrations (Equation 5.8). 
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Figure 5.7  
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Figure 5.7 Kinetics analysis of LacIs binding to SiO2 surface. (a-c): Time course of 
resonance frequency shift (Δf) of wild-type LacI (a), LacI-STB1 (b), LacI-C7AC (c) 
binding to SiO2 surface; (d-f): First-derivative plots of (a-c), respectively.  
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Figure 5.8 Kinetics analysis of wild-type LacI, LacI-STB1 and LacI-C7AC binding 
to TiO2 surface. (a-c): Time course of resonance frequency shift (Δf) for the binding of 
wild-type LacI (a), LacI-STB1 (b), LacI-C7AC (c) to TiO2 surface (d-f): 
First-derivative plots of (a-c), respectively. 
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Figure 5. 9 (a) ΔD - Δf plots for LacI-C7AC binding to SiO2 at various concentrations; 
(b) ΔD - Δf plots for LacI-STB1 binding to SiO2 at various concentrations. The dotted 
line marks the slope of the first binding phase. Throughout the first binding phase, ΔD 
- Δf plots at various concentrations for either LacI-C7AC or LacI-STB1 exhibit the 
same slope. The ΔD - Δf plots for LacI-C7AC or LacI-STB1 binding to TiO2 surface 







Table 5.2 Analysis of binding kinetics of wild-type LacI, LacI-STB1 and LacI-C7AC 
for SiO2 and TiO2 surfaces. 













Wild-type LacI 3.11 1.67 18.6 3.76 2.27 16.6 
LacI-STB1 0.59 2.64 2.23 0.83 2.04 4.07 
LacI-C7AC 2.47 2.03 12.2 3.72 1.75 21.3 
 
As shown in Table 5.2, Kd values for the wild-type LacI binding to SiO2 and TiO2 
were estimated to be 18.6 nM and 16.6 nM, respectively. These values were very 
similar to those observed for the control mutant LacI-C7AC (12.2 nM and 21.3 nM 
for SiO2 and TiO2, respectively), suggesting that the insertion of an inert peptide at the 
C-terminus of wild-type LacI have little effect on its binding to SiO2 and TiO2. For 
LacI-STB1, however, much lower Kd values were found for SiO2 (2.23 nM) and TiO2 
(4.07 nM) surfaces. Apparently, 4-8 times tighter binding, as compared to wild-type 
LacI, was achieved with LacI-STB1. The extent of binding affinity increase for SiO2 
surface (8 fold) was larger than that for TiO2 surface (4 fold), which is in line with the 
stronger electrostatic interaction of STB1 to SiO2 than to TiO2 at neutral pH. 
 
How does STB1 contribute to the lower Kd? The answer is revealed by Kon and 
Koff. Compared to the wild-type LacI or the LacI-C7AC, LacI-STB1 exhibited a 
slightly larger Kon for SiO2 surface and similar Kon for TiO2 surface. Such small 
differences in Kon may arise from the fact that the two binding regions (DBD at 
N-terminus and STB1 at C-terminus) in each LacI-STB1 molecule are too remote 
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(located at two extreme ends of the molecule) to allow their simultaneous access to 
the solid surface. Therefore, during the adsorption process, each LacI-STB1 molecule 
may offer only one binding moiety to anchor itself to the solid surface, in a similar 
manner as the wild-type or control LacI molecules. Since the DBD in LacIs has strong 
affinity to SiO2 and TiO2 surfaces, no significant differences in Kon values for the 
binding of the wild-type LacI or LacI-C7AC to either metal oxide can be expected 
regardless of whether the binding is mediated by DBD or STB1 moiety. Following the 
adsorption of LacI-STB1 molecules on the solid surface, molecular desorption from 
the surface might occur and this is when a second binding moiety of LacI-STB1 
molecules comes into play. Compared to wild-type LacI or LacI-C7AC molecules 
harboring a single binding moiety (i.e. DBD) only, the presence of two remote 
binding regions in LacI-STB1 molecules would provide more a conducive 
environment to retain the surface-bound molecules during the desorption process. The 
stability of LacI-STB1 molecules bound to SiO2 or TiO2 surface is therefore likely to 
be higher than that of wild-type LacI and LacI-C7AC molecules. The putative 
contribution of STB1 to the enhanced binding stability is supported by the estimated 
Koff values presented in Table 5.2: The Koff for the binding of LacI-STB1 to SiO2 (0.59 
× 10-3 s-1) or TiO2 surface (0.83 × 10-3 s-1) is much smaller than the corresponding Koff 
value for wild-type LacI or LacI-C7AC. Therefore, it is concluded that the presence of 
two binding regions in LacI-STB1 molecules possibly gives rise to the lower Kd 





With the aim to engineer DNA binding protein LacI to assemble inorganic 
nanoparticles on DNA scaffold, a peptide sequence STB1 exhibiting a strong cross 
binding affinity to SiO2 and TiO2 was inserted at the C-terminus of LacI to create a 
recombinant protein LacI-STB1. QCM-D analysis of its binding characteristics, with 
the use of wild-type LacI, two LacI control mutants (i.e. LacI-9A, LacI-C7AC), 
truncated LacI whose DBD was removed by proteolysis and lacO-docked LacI whose 
DBD was conjugated with lacO, proved that the intrinsic affinity of various LacIs to 
both metal oxides was mediated by naturally existing DBD at the N-terminus. The 
presence of additional binding moiety (i.e. STB1) enabled LacI-STB1 to exhibit 
stronger binding affinity to SiO2 and TiO2 than wild-type LacI by retarding desorption 
of the surface-bound protein molecules. This may provide a useful insight to 
understanding the role of multiple binding moieties of varying affinity in protein 





ASSEMBLY OF TIO2 NANOPARTICLES ON DNA 




Having shown that the engineered LacI with STB1 peptides fused at the 
C-terminus exhibited enhanced binding affinity to SiO2 and TiO2 by harnessing the 
STB1 as a second binding moiety, we expect LacI-STB1 to mediate NPs assembly on 
DNA template with the use of its DBD for DNA binding and the STB1 for the 
recognition of NPs. Surface plasmon resonance (SPR) spectroscopy and TEM were 
then used to demonstrate the formation of DNA/LacI-STB1/TiO2 NPs sandwich 
nanostructure, through real-time monitoring of molecular assembly process and 







6.2 Experimental Section 
 
6.2.1 SPR analysis of DNA/LacI-STB1/TiO2 NPs assembly process on Au surface 
TiO2 NPs (anatase, average diameter is 5 nm), suspended in water without the use 
of any surfactant, were provided by Meliorum Technologies (Ithaca, NY). For 
real-time measurement of the sandwich assembly of the nanostructure of 
lacO/LacI-STB1/TiO2 NPs on Au surface using SPR equipment, 0.1 µM of 
biotinylated lacO (The same sequence used in Chap. 5 with one of the strands was 
tagged with a biotin group at the 5’ end during synthesis) was immobilized on 
streptavidin (SA) modified Au-coated SPR sensor surfaces (Su et al., 2005 and 2006). 
Subsequently, LacI-STB1 or wild-type LacI (25 µg/ml) was added, followed by 
addition of TiO2 NPs (2 µg/ml). PBS buffer (10 mM phosphate, 137 mM NaCl, 2.7 
mM KCl, pH 7.4) was used throughout the entire measurement. The SPR 
measurements were conducted at room temperature using AutoLab ESPR (Eco 
Chemie, The Netherlands). Molecular adsorption on the Au-coated sensors was 
followed by monitoring SPR angle (θ) or angle shifts (Δθ) over time. The measured 
Δθ values correspond to the amount of adsorbed protein and DNA with a mass 




6.2.2 TEM of DNA/LacI-STB1/TiO2 NPs assembly 
A circular double-stranded plasmid DNA PET-32a(+)+TLE+ClpB (~10 Kbp) 
extracted from E. coli BL21(DE3) was used as the DNA scaffold in preparing the 
sandwich structure of DNA/LacI-STB1/TiO2 NPs for TEM observation. The plasmid 
was engineered with single lacO or two distant lacO sites (4.5 kb away) using 
QuikChange® XL Site-Directed Mutagenesis Kit (Stratagene, CA, USA, Cat#: 
200517). Two buffer conditions were used to assemble the sandwich structure of 
DNA/LacI-STB1/TiO2 NPs. In the first condition, pure DI water was used as the 
medium. The DNA/LacI-STB1 complex was formed by incubating the plasmid DNA 
(60 µg/ml) and LacI-STB1 (2 µg/ml) in DI water at room temperature for 15 min. 
Then, 5 nm TiO2 NPs, treated by ultrasonication for 30 min immediately prior to use, 
was added to the mixture to the final concentration of 0.2 µg/ml and incubated for 
another 15 min at room temperature. Finally, the solution was dropped on to 
carbon-coated copper grids (a formvar support film was made on the grids before 
carbon coating) and dried in air. A control sample was prepared by replacing 
LacI-STB1 with wild-type LacI during the preparation. 
In the second condition, PBS buffer with 5% DMSO (10 mM phosphate, pH 7.4, 
137 mM NaCl, 2.7 mM KCl and 5% DMSO) was used as the medium. Instead of 
using 5 nm TiO2 NPs as in SPR measurements, 50 nm TiO2 NPs were used in TEM 
observation to give better contrast against the background noise. First, the 
DNA/LacI-STB1 complex was formed by incubating the plasmid DNA (60 µg/ml) 
and LacI-STB1 (2 µg/ml) in 10 mM phosphate, pH 7.4, 137 mM NaCl, 2.7 mM KCl 
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and 5% DMSO at room temperature for 15 min. Then, 50 nm TiO2 NPs (Meliorum 
Technologies, Ithaca, NY), treated by ultrasonication for 30 min immediately prior to 
use, was added to the mixture to the final concentration of 0.2 µg/ml and incubated 
for another 15 min at room temperature. Finally, the solution was dialyzed against 
pure water (500 µL : 1 L) for 5 hr in order to remove salts and thus reduce salt 
crystallization in TEM observation. The dialyzed solution was dropped on to the 
carbon-coated copper grids and dried in air. A control sample was prepared by 
replacing LacI-STB1 with wild-type LacI during the preparation. All the samples 
were observed using a JEOL JEM 2010F HRTEM (JEOL, Ltd. Tokyo, Japan). 
 
6.3 Results and Discussion 
 
Figure 6.1a shows the stepwise SPR responses to 1) the immobilization of SA on 
biotin-containing surface, 2) the assembly of biotinylated lacO strands on SA surface, 
3) the LacI-STB1 binding to the immobilized lacO and 4) the final binding of TiO2 
NPs to the protein-DNA complexes. In the control channel, the same experiment was 
repeated except that wild-type LacI was used. The schematic illustration of the 
binding processes is shown in Figure 6.1b. 
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Figure 6.1 (a) Real-time monitoring of the assembly of DNA/LacI-STB1/TiO2 NPs 
sandwich nanostructure on Au-coated SPR sensor surfaces. The down arrow (↓) 
indicates the point in time when the respective reaction solution was introduced into 
the measurement cell and the up arrow (↑) represents the point in time at which the 
measurement cell was rinsed with PBS buffer. The net Δθ induced by TiO2 NPs bound 
to LacI-STB1/lacO layer was ~100 mdeg, while the addition of TiO2 NPs to wild-type 
LacI/lacO layer did not induce net Δθ. (b) Schematic illustration of the assembly of 
DNA/LacI-STB1/TiO2 NPs sandwich nanostructure on Au-coated sensor surfaces. 
Streptavidin (SA) is first immobilized on a biotin-containing thiol (10% biotin-thiol 
and 90% ethylene glycol-thiol) treated Au surface for biotinylated lacO assembly. 
LacI-STB1 binds to immobilized lacO through its N-terminal DBD and binds to TiO2 
NPs through its C-terminal STB1 peptides. This schematic illustration does not reflect 
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the actual stoichoimetry. 
 
For the SA immobilization and the subsequent lacO assembly, identical angle 
shifts (500 mdeg for SA and 100 mdeg for lacO) were obtained from both channels, 
which ensured identical conditions (e.g. DNA surface coverage) for the subsequent 
binding of LacI-STB1 or wild-type LacI. A previous QCM-D and SPR study has 
proven that the DNA films immobilized in such a way were highly flexible and 
contained >80% water (Peh et al., 2007), which means there would be enough space 
for the successive binding of LacI-STB1 molecules and TiO2 NPs in the lacO films in 
the current system. The binding of LacI-STB1 and wild-type LacI to lacO through 
their N-terminal DBD displayed different binding kinetics (the binding of wild-type 
LacI to lacO reached equilibrium faster than LacI-STB1). However, in the 30 min 
measurement window, the extent of their binding is similar as evidenced by the 
similar angle shifts (356 mdeg for LacI-STB1 and 315 mdeg for wild-type LacI). 
When TiO2 NPs were added subsequently, substantial Δθ was recorded for both 
channels due to the different composition of buffer for TiO2 NPs suspension. 
Following the rinse, the θ level for the wild-type LacI channel dropped back to the 
level prior to the addition of TiO2 NPs, indicative of no particle binding. In contrast, a 
net Δθ of 100 mdeg was recorded in the LacI-STB1 channel, indicative of the 
successful TiO2 NPs binding to the lacO/LacI-STB1 layer. Since the mass sensitivity 
factor for TiO2 NPs is not known, so it is not able to estimate how much TiO2 NPs 
bind to the lacO/LacI-STB1 layer in terms of Δθ. However, considering that the 
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addition of TiO2 NPs induced no net Δθ for the control channel containing wild-type 
LacI, it is clear that the C-terminal STB1 mediated binding of TiO2 NPs to 
lacO/LacI-STB1 complex, and hence the formation of sandwich assembly of 
lacO/LacI-STB1/TiO2 NPs.  
 
  
(a)                           (b) 
Figure 6.2 (a) TEM image of a circular plasmid DNA molecule (~10 Kbp, containing 
one lacO site) conjugated with LacI-STB1 molecules and TiO2 NPs. The high contrast 
of circular DNA strand against the background demonstrates the efficient assembly of 
TiO2 NPs onto the DNA strand. (b) TEM image of the same plasmid DNA molecule 
in the presence of wild-type LacI molecules and TiO2 NPs. Scale bar: 100 nm. The 
average circumference of observed circular plasmid DNA molecules is ~800 nm, 
about 23.5% of the fully extended length (~3400 nm, assuming a base pair spacing is 
0.34 nm). Such DNA condensation in TEM observation was also reported elsewhere 
(Dai et al., 2005). 
 
The sandwich nanostructure of DNA/LacI-STB1/TiO2 NPs was also imaged 
using TEM with the preparation using wild-type LacI as a reference (Figure 6.2). 
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DNA or protein molecules per se showed little contrast in TEM observation because 
they are composed of light atoms. When the DNA/LacI-STB1/TiO2 NPs assembly 
was prepared in pure DI water (Figure 6.2a), however, many distinctive black dots 
assembled along the circular plasmid DNA molecule were highly contrasted against 
the background. When LacI-STB1 was replaced by wild-type LacI (Figure 6.2b), the 
contrast for plasmid DNA molecules was very low in the TEM images. It is obvious 
that no TiO2 NPs bound the DNA/wild-type LacI conjugate. These results provide a 
strong evidence of TiO2 NPs assembly along the DNA strand via LacI-STB1 
molecules in between. It is the bound TiO2 NPs that enabled the circular plasmid 
DNA to have a high contrast in the TEM image. The high coverage of TiO2 NPs along 
the DNA strand is due to the fact that the DBD of LacIs not only specifically binds to 
lacO sequence at high affinity, but also non-specifically binds to non-lacO DNA 
sequence at low affinity (Falcon and Matthews, 2007; Kalodimos et al., 2004). This 
non-specific binding becomes dominant at low salt concentration, or salt-free 
condition (as the pure DI water used in our TEM sample preparation), which can be 
attributed to polyelectrolyte effect (Record et al., 1991). The binding of wild-type 









































































Figure 6.3 (a) Real-time monitoring of LacI-STB1 or wild-type LacI binding to a 
non-lacO DNA sequence using SPR. (b) Real-time monitoring of the interaction of 
truncated LacI-STB1 or truncated wild-type LacI with a non-lacO DNA sequence 
using SPR. The down arrow (↓) indicates the time point when the respective reaction 
solution was introduced into the measurement cell and the up arrow (↑) represents the 
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time point at which the measurement cell was rinsed with PBS buffer. The up arrow 
(↑) noted with H2O represents time point at which the measurement cell was rinsed 
with pure DI water. The biotinylated non-lacO double-stranded 40 base-pair DNA 
used here has the following composition: Biotin- 5’- TGTTG TGTGG G CCGAT 
AAGAT ATCTT ATCGG TCACA CAGG; 5’- CCTG TGTGA CCGAT AAGAT 
ATCTT ATCGG C CCACA CAACA. In PBS buffer, the binding of LacI-STB1 and 
wild-type LacI to the immobilized non-lacO induced only 24 and 15 of net Δθ, 
respectively. When the solution environment changed to DI water as used for the 
sample preparation in TEM observation, the binding of LacI-STB1 and wild-type 
LacI to the immobilized non-lacO induced remarkable Δθ, suggesting that LacIs 
strongly bind to DNA in a sequence independent manner at low salt concentrations. 
When truncated LacI-STB1 and truncated wild-type LacI (their DBD was removed by 
proteolysis) were applied to the immobilized non-lacO, no binding was observed 
either in PBS buffer or in DI water. It is clear that the binding of LacI-STB1 and 
wild-type LacI to non-lacO is mediated by their DBD.  
 
In the TEM experiments, the condition of LacI-STB1 binding to lacO was also 
optimized to make LacI-STB1 molecules exclusively bind to lacO sites in plasmid 
DNA molecules (Figure 6.4). The plasmid was engineered with single lacO or two 
distant lacO sites (4.5 kb away) by site directed mutagenesis. For the DNA/wild-type 
LacI/TiO2 NPs preparation, only faint images of circular plasmid DNA was observed 
and no TiO2 NPs were found to assemble along the DNA (Figure 6.4a). For the 
DNA/LacI-STB1/TiO2 NPs preparation, however, the TEM image of Figure 6,4c 
shows that one distinctive TiO2 nanoparticle assembled on the circular plasmid DNA 
molecule with one lacO site, and Figure 6.4d shows two distinctive TiO2 
nanoparticles assembled on the circular plasmid DNA molecule with two lacO sites. 
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This is presumably through the LacI-STB1 molecule specifically bound to the lacO 
site. These results provide a strong evidence of TiO2 NPs assembly along the DNA 
strand via LacI-STB1 molecules in between. 
 
   
   
 
Figure 6.4 (a) TEM image of a circular plasmid DNA molecule (~10 Kbp, containing 
one lacO site) for the DNA/wild-type LacI/TiO2 NPs preparation. (b) TEM image of ~ 
50 nm TiO2 NPs. (c) TEM image of one distinctive TiO2 nanoparticle assembled on 
the circular plasmid DNA molecule with one lacO site. (d) TEM image of two 
distinctive TiO2 nanoparticles (left upper) assembled on the circular plasmid DNA 





Following the understanding of LacI-STB1 interaction with metal oxides in Chap. 
5, the successful use of LacI-STB1 as a protein linker to assemble TiO2 NPs on DNA 
scaffolds was demonstrated in this chapter, raising the potential to design 
nanostructures at a molecular level by harnessing engineered biomolecules with 
desired recognition capability toward various materials. It was also demonstrated that 
the specific interaction between LacI and lacO is affected by the buffer condition. By 
using pure DI water or optimized PBS buffer, the sandwich nanostructure of 
DNA/LacI-STB1/TiO2 NPs was assembled either through engineered LacI’s 
non-specific interaction with DNA scaffold or through engineered LacI’s specific 
binding to lacO. By carefully tuning the buffer condition, it is possible to control the 
assembly of NPs through the specific and/or non-specific interactions between 
engineered LacI and DNA scaffold. Considering that LacI is easy to 1) accommodate 
tailored affinity moieties to a single or multiple target substrate(s) at several 
permissive sites; 2) produce in bulk quantity in a cost-effective manner; 3) be 
integrated with additional control switches with conjugation of lacO and/or IPTG, 
there should be considerable scopes to harness LacI system as a potential 
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Peptides demonstrate specific binding affinity to various materials, including 
biomolecules, polymers and inorganic materials (Sarikaya et al., 2003; Kriplani and 
Kay, 2005; Patwardhan et al., 2007). Although small in size (usually consist of <20 
amino acids), peptide molecules are able to differentiate subtle difference of target 
molecules and find wide applications in assembly of hierarchical nanostructures, 
fabrication of biomaterials, tissue engineering and drug development (Whaley et al., 
2000; Zhang, 2003; Rappocciolo, 2004). For many novel materials, the corresponding 
peptide binders are normally discovered using combinatorial peptide libraries, which 
enable one to identify peptide sequences with specific binding affinity to target 
materials without prior knowledge about the interaction between them (Sarikaya et al., 
2004). In these libraries, peptides are part of a protein displayed on the surface of host 
microorganisms such as bacteriophage, E. coli and yeast (Smith, 1985; Samuelson et 
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al., 2002; Peelle et al., 2005). Moreover, conformational constraints, such as the cyclic 
structure formed by a pair of cysteine residues through disulfide bond (Cys-Cys 
constraint), can be imposed on the displayed peptides (Flynn et al., 2003). The 
question as to how the Cys-Cys constraint affect peptide’s binding behavior has 
attracted some studies. Choe et al., for example, reported that the linear version of a 
Cu2O-binding peptide did not bind to Cu2O at all, whereas the cyclic version bound to 
Cu2O either in the free form or in the context of a host protein (Choe et al., 2007). In a 
study of Al2O3-binding peptides displayed on the yeast surface by Krauland et al., 
however, it is observed that the cyclic version of an Al2O3-binding peptide showed 
similar binding affinity as the linear peptide (Krauland et al., 2007). In the application 
of peptides as affinity binders, either free peptides are synthesized according to the 
identified peptide sequences, or the identified peptide sequences are genetically fused 
with certain host proteins (Fairman and Åkerfeldt, 2005; Dai et al., 2005; Sano et al., 
2006). It is generally expected that the same peptide sequence either in free form or in 
host proteins should retain the same specific binding affinity as it is displayed on the 
library host microorganism (Sarikaya et al., 2003; Kriplani and Kay, 2005). However, 
it has been cautioned that peptides’ binding property may not be independent of the 
display system, and they would not function the same in different contexts (Niemeyer 
and Mirkin, 2004). Sano et al. mentioned (Sano et al., 2005) that two peptides 
displayed on the phage surface, i.e. minTBP-1 and NHBP-1, showed strong binding 
affinity to Ti and carbonaceous nanomaterials, respectively, whereas the synthetic free 
peptides of the same sequences failed to bind to target materials. All these studies 
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suggest that the host context and Cys-Cys constraint affect the binding behavior of 
peptides, although the extent of such effects may be peptide- and/or 
substrate-dependent.  
 
In Chap. 3, we identified a Cys-Cys constrained peptide STB1 (-CHKKPSKSC-) 
with specific binding affinity to both TiO2 and SiO2. In Chap. 5, the STB1 peptide 
was fused with a host protein LacI, and it retained the binding ability to TiO2 and SiO2 
in the context of fusion protein LacI-STB1. In Chap. 4, it has been confirmed that the 
binding of STB1 to the two metal oxides is driven by electrostatic interaction 
originating from the three K residues in STB1. And it has also been found that the 
peptide geometry is a very important factor and exerts great control over the 
interaction between peptides and inorganic surfaces (Peelle et al., 2005; Choe et al., 
2007; Krauland et al., 2007). Therefore we suspected that the Cys-Cys constraint, a 
major geometric feature of STB1, might play an important role in STB1 binding to 
TiO2 and SiO2, and the phage host or LacI host would also exert some contextual 
influence on STB1’s binding behavior. In order to investigate this in the present study, 
the linear version of STB1 (LSTB1: -AHKKPSKSA-) was created in the context of 
phage host as well as LacI host by site-directed mutagenesis, and free STB1 and 
LSTB1 peptides were also synthesized. Their binding to TiO2 and SiO2 was 
quantitatively measured using QCM-D to access the mass and conformations of 
adsorbed molecules simultaneously. The difference in the binding behavior of STB1 
and LSTB1 was further discussed with the aid of conformational predictions from 
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molecular dynamics simulation. 
7.2 Experimental Section 
 
7.2.1 Site-directed mutagenesis 
The DNA of phage mutant displaying LSTB1 (LSTB1-P) was created by 
site-directed mutagenesis using the DNA template prepared from the phage particles 
displaying STB1 (STB1-P). The protocols for phage manipulation and mutagenesis 
were adopted from Sambrook and Russell’s book (Sambrook and Russell, 2001). The 
plasmid encoding LacI-LSTB1 was created using the plasmid encoding LacI-STB1 
and QuikChange® XL Site-Directed Mutagenesis Kit (Stratagene, CA, USA, Cat#: 
200517). In the mutagenesis to create either LSTB1-P or LacI-LSTB1, each codon 
encoding one of the two C residues of STB1 was converted to the codon encoding an 
A residue in a sequential manner. Successful mutants were identified by DNA 
sequencing. Finally, phage particles were amplified at large scale, and LacI-STB1 was 
purified according the protocol detailed in Chap. 5.  
 
7.2.2 QCM-D measurement 
The same QCM-D system described in Chap. 3.2.4 was used again in this chapter. 
Free STB1 and LSTB1 peptides (purity >95%) were synthesized by BioFD&C 
(Incheon, Korea). A 40 base-pair double-stranded DNA sequence containing a 
symmetric operator lacO sequence (Falcon and Matthews, 2000), 5’- TGTTG 
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TGTGG G AATTG TGAGC GCTCA CAATT TCACA CAGG -3’; 3’- ACAAC 
ACACC C TTAAC ACTCG CGAGT GTTAA AGTGT GTCC -5’ (bases in bold 
font are the symmetric operator sites), was synthesized by Research Biolabs 
Technologies (Singapore). 1 mg/ml peptide solutions were prepared in TBS buffer (50 
mM Tris-HCl, 150 mM NaCl, pH 7.5) for QCM-D measurements. The phage particle 
solutions were prepared by diluting the phage stock in TBS buffer with 0.5% (v/v) 
Tween 20 (Tween 20 was used to reduce the non-specific adsorption of phage bodies) 
to the final concentration of 7×1010 pfu/ml. The wild-type LacI/lacO, 
LacI-STB1/lacO and LacI-LSTB1/lacO complexes were prepared by incubating 
LacI-STB1 or LacI-LSTB1 proteins with lacO sequence at a molar ratio of 1:15 in 
TBS buffer to ensure that the protein’s N-terminal DNA binding domain is effectively 
blocked. All the measurements were conducted in a stagnant liquid cell where the 
solution contacts the SiO2 or TiO2 side of the quartz crystal sensor. The liquid cell was 
temperature stabilized at 24.7 ± 0.1 °C in order to avoid drifts in the resonance 
frequency (f) and dissipation factor (D). The f and D values measured at the third 
overtone were presented for analysis.  
 
7.2.3 Molecular Dynamics Simulation 
The conformations of the free STB1 and LSTB1 peptides in solution were 




7.3 Results and Discussion 
In Chap. 4, the the contribution of each amino acid within the Cys-Cys 
constrained STB1 to its binding affinity to TiO2 and SiO2 surfaces was investigated. 
The binding of a series of point mutants of STB1 displayed on phage surfaces was 
measured using QCM-D. It was found that the nature of STB1 binding to TiO2 and 
SiO2 is electrostatic, and the electrostatic force exerted by the three K residues in 
STB1 is essential and also sufficient to anchor phage particles on TiO2 and SiO2 
surfaces. In order to reveal the influence of the Cys-Cys constraint on STB1’s binding 
affinity in the context of phage host, a phage mutant harboring LSTB1, namely 
LSTB1-P, was created by mutating the phage clone harboring STB1 peptides 
(STB1-P). The binding of LSTB1-P particles and STB1-P particles to TiO2 and SiO2 
was measured by QCM-D (Figure 7.1). The wild-type phage displaying no foreign 
peptide was used as a control.    























































Figure 7.1 (a) Time course of frequency shift (Δf) and dissipation shift (ΔD) for the 
binding of wild-type M13, STB1-P and LSTB1-P particles to TiO2 surface. (b) Time 
course of frequency shift (Δf) and dissipation shift (ΔD) for the binding of wild-type 
M13, STB1-P and LSTB1-P particles to SiO2 surface. At t = 0 min, Δf = 0 Hz and ΔD 
= 0. 
 
On TiO2 surface (Figure 7.1a), non-specific adsorption of wild-type phage 
particles is present as shown by the apparent drop in frequency and ΔD response. With 
surface displayed STB1 or LSTB1, STB1-P or LSTB1-P particles showed much 
larger -Δf and ΔD values than wild-type phage, suggesting that much more STB1-P or 
LSTB1-P particles bound to TiO2, which can be attributed to the strong interaction 
between STB1 or LSTB1 and TiO2. When STB1-P and LSTB1-P are compared, more 
LSTB1-P particles bound to TiO2 than STB1-P particles, indicating that LSTB1 has a 
stronger binding affinity than STB1 towards TiO2. On SiO2 surface (Figure 7.1b), the 
wild-type phage particles did not adsorb as shown by the negligible Δf and ΔD values, 
Chapter 7 
 131
whereas the binding of STB1-P and LSTB1-P particles showed positive Δf (frequency 
increase) and large ΔD. As discussed previously in Chap. 4, this type of QCM-D 
response (frequency increase together with a large dissipation increase) is the 
signature of ‘film resonance’, representing the presence of a thick film. In the 
particular context of this study, the ‘film resonance’ suggests that the STB1-P and 
LSTB1-P particles bind to SiO2 through STB1 and LSTB1 peptides displayed at the 
N-terminus of pIII protein located on the tip of the phage particle, respectively, 
enabling the phage particles to stand vertically on the surface (this characteristic has 
been confirmed for the STB1-P using QCM-D in combination with AFM study in 
Chap. 4). The binding affinity of phage-displayed STB1 and LSTB1 towards SiO2 can 
be compared based on the ΔD values. LSTB1-P particles also showed larger ΔD 
values than STB1-P particles on SiO2 surface (similar to the case for TiO2 surface), 
suggesting LSTB1 has stronger binding affinity than STB1 towards SiO2. 
 
To address the concern that the STB1 and LSTB1 might behave differently when 
free from the phage host, free STB1 and LSTB1 peptides were synthesized and their 
binding to TiO2 and SiO2 was measured using QCM-D. The results are shown in 
Figure 7.2. Compared to the QCM-D signals obtained for phage particles, frequency 
drop was observed for both the linear and cyclic peptides on both metal oxide surfaces, 
but the magnitude of frequency drop (-Δf <10 Hz) and ΔD (< 0.2×106) in the 30 min 
measurement window were much smaller even at very high peptide concentrations 
(1.0 mg/ml and above). The magnitude of -Δf and ΔD values increased little despite 
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further increase in the peptide concentration (data not shown), indicating that the 
maximum surface coverage by adsorbed peptides was approached at 1.0 mg/ml. The 
small f and D response is plausible because it is estimated that a 100% coverage of the 
quartz sensor surface by a monolayer of STB1 or LSTB1 peptide molecules would 
result in a frequency drop of only 12 Hz or 8 Hz, respectively (please see Table 7.1 for 
the detailed calculation). For LSTB1 binding to both TiO2 and SiO2 (Figure 7.2a), 
almost the same frequency drop (≈ 3 Hz after rinse) was observed with no detectable 
ΔD. The f and D responses observed for STB1 binding to TiO2 (black curves in Figure 
7.2b) were indistinguishable from those for LSTB1. In these three cases (LSTB1 
binding to TiO2 and SiO2 surfaces, and STB1 to TiO2), the negligible D responses 
suggest that bound peptides are packed in such a way that the formed films are rigid 
and couple well with the shear oscillation. The similar Δf values in these three cases 
does not necessarily mean similar binding affinity, because they were measured when 
the surfaces were saturated with the peptides. At lower concentration of peptides, the 
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Figure 7.2 (a) Time course of frequency shift (Δf) and dissipation shift (ΔD) for the 
binding of free LSTB1 peptide to TiO2 and SiO2 surfaces. (b) Time course of 
frequency shift (Δf) and dissipation shift (ΔD) for the binding of free STB1 peptide to 
TiO2 and SiO2 surfaces. At t = 0 min, Δf = 0 Hz and ΔD = 0. The arrows indicate the 







Table 7.1 Estimation of the maximum -Δf expected by QCM-D measurement when a 
monolayer of STB1 or LSTB1 peptide molecules is formed on SiO2 or TiO2 surface. 
 
Peptides 
Contact area  
per molecule 
Molecular Weight 
Weight of bound molecules
at full coverage 
Estimated maximum -Δf 
 nm2 Dalton ng ng/cm2 Hz 
STB1 0.8 1017 1.69E-12 215 12 
LSTB1 1.2 953 1.58E-12 136 8 
 
Assumptions:  
(1) 1 Dalton = 1.66 × 10-15 ng  
(2) The length of one amino acid is 3.6 Å.  
Each STB1 peptide molecule has 9 amino acids, it has a cyclic structure and the 
diameter of a cyclic STB1 molecule would be (3.6 Å × 9)/π = 1.0 nm. So, when 
bound on planar SiO2 or TiO2 surface, each STB1 molecule would have a contact 
area of π × (1.0/2)2 ≈ 0.8 nm2. 
Each LSTB1 peptide molecule also has 9 amino acids, and it has a linear structure. 
Assuming its peptide chain is fully extended, each LSTB1 molecule would occupy 
the area of 3.6 Å × 9 ×3.6 Å ≈ 1.2 nm2 when bound on planar SiO2 or TiO2 
surface. 
(3) The STB1 or LSTB1 peptide molecules form a monolayer when fully covering 
SiO2 or TiO2 surface. The possibility of forming multiple layers is low because 
STB1 or LSTB1 molecules are highly positively charged, and hence repel each 
other and exclude intermolecular attraction.  
(4) The monolayer of STB1 or LSTB1 peptide molecules bound on SiO2 or TiO2 
surface is also thin and rigid with little water confined inside the monolayer, 
which can be justified by negligible ΔD (< 0.2 × 10-6) recorded for their binding. 
So, the Sauerbrey relation can be used to estimate Δf : 
f
n
Cm Δ−=Δ , where C = 17.7 ng·cm-2·Hz-1, and n (= 1, 3, …) is the overtone 
number. 
 
On SiO2 surface, however, STB1 showed different behavior: larger frequency 
drop (-Δf = 8 Hz after rinse) and ΔD (= 0.2×106 after rinse) were recorded (Figure 
7.2b). The ΔD indicates that STB1 bound to SiO2 surface adopts such a conformation 
that the formed peptide layer is not as rigid as that on TiO2 surface, and may entrain 
liquid that contributes to the larger –Δf and ΔD. In summary, the distinct QCM-D 
Chapter 7 
 135
responses to the binding of free STB1 to SiO2 or TiO2 suggest that STB1 has different 
binding behaviors on the two surfaces. But the larger -Δf value obtained on SiO2 does 
not necessarily mean that more STB1 peptide molecules bind to SiO2 surface than 
TiO2 surface. This is because Δf accounts for the mass of the entire layer comprising 
bound STB1 molecules and entrained liquid (if there is any), whose configuration 
may be different on TiO2 or SiO2 surface as reflected by the distinct ΔD values. 
Therefore, Δf alone cannot be simply related to the amount of STB1 peptide 
molecules bound to the two metal oxides. This dilemma can be solved by employing a 
large protein molecule to host the peptide. 
 
In the case that the fusion protein binds to the metal oxide surface only through 
STB1 or LSTB1, the configuration of the bound layers would be dominated by the 
protein molecules, which thus could suppress the peptide- or substrate-dependent 
conformational variation of the adsorbed layer. In this way, the Δf value could be 
more directly related to the amount of fusion protein molecules bound to TiO2 and 
SiO2 surfaces, and hence the binding affinity of STB1 and LSTB1 could be 
quantitatively assessed. In Chap. 5, we have successfully engineered LacI protein to 
host STB1 and produced a fusion protein LacI-STB1. After blocking the nonspecific 
adsorption of the LacI proteins (wild-type LacI and LacI-STB1) by forming 
LacI-STB1/lacO complex, we have demonstrated that the STB1 peptide in the context 
of LacI-STB1/lacO complex remains active for interaction with TiO2 and SiO2, and 
that STB1 is the only source to render the binding of the LacI-STB1/lacO complex to 
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TiO2 and SiO2. It should be noted that lacO is a short oligonucleotide that can 
complex with LacI protein to suppress LacI’s nonspecific adsorption to either metal 
oxide surface through its N-terminal DNA binding domain. Therefore, the LacI/lacO 
complex provides a good platform to quantitatively study the binding affinity of STB1 
and LSTB1 in the context of fusion protein. 
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Figure 7.3  
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Figure 7.3 Time course of resonance frequency shift (Δf) and dissipation factor shift 
(ΔD) for the binding of LacI-STB1/lacO and LacI-LSTB1/lacO complexes to (a) TiO2 
and (b) SiO2 surfaces at the concentration of 65 nM protein (10 µg/ml) with 1 µM 
lacO (molar ratio ≈ 1:15). (c) ΔD-Δf plots using the data in (a) and (b). At t = 0 min, 
Δf = 0 Hz and ΔD = 0. 
 
For this study, LacI was thus engineered to host LSTB1 by replacing the two C 
residues of STB1 in LacI-STB1 with two A residues. The binding of LacI-STB1/lacO 
or LacI-LSTB1/lacO complex to either metal oxide surface was measured using 
QCM-D (Fig 7.3a and 7.3b). Both the LacI-STB1/lacO and LacI-LSTB1/lacO 
complexes showed similar ΔD - Δf plot (ΔD - Δf plot is a measure of surface coverage 
dependent conformation of adsorbed layers (Höök et al., 1998; Su et al., 2006)) 
(Figure 7.3c), suggesting that conformation of the adsorbed protein layer is similar to 
each other and thus the Δf values can be used to quantitatively assess their binding 
affinity. Moreover, the LacI-LSTB1/lacO complex showed larger -Δf and ΔD than the 
LacI-STB1/lacO complex, indicating LSTB1 has stronger binding affinity than STB1 
in the context of fusion protein. In order to analyze the kinetics, the binding of 
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LacI-STB1/lacO or LacI-LSTB1/lacO complex to both metal oxides were measured 
at different concentrations (Figure 7.4), and the Kon, Koff, and Kd were calculated 
according to the methods detailed Chap. 5. The results are listed in Table 7.2.  
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Figure 7.4 Time course of resonance frequency shift (Δf) for the binding of 
LacI-STB1/lacO (a) and LacI-LSTB1/lacO (b) complexes to TiO2. Time course of 
resonance frequency shift (Δf) for the binding of LacI-STB1/lacO (a) and 
LacI-LSTB1/lacO (b) complexes to SiO2. The concentration in the legend (i.e. 2.5 
μg/ml, 5.0 μg/ml, 7.5 μg/ml and 10.0 μg/ml) represents the concentration of 
LacI-STB1 or LacI-LSTB1 used to prepare the LacI-STB1/lacO and 
LacI-LSTB1/lacO complexes with excess lacO (i.e. 0.25 μM, 0.5 μM, 0.75 μM and 
1.0 μM, respectively) for QCM-D measurement. The calculation of Koff and Kon for 
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LacI-STB1/lacO and LacI-LSTB1/lacO complexes binding to TiO2 and SiO2 surfaces 
was based on the methods specified in Chap. 5. The assumption that the adsorption 
and desorption processes follow the first order binding kinetics is fulfilled in the 
initial phase of the binding (as least within the first 5 min), so the Δf data collected 
within the first 5 min was used to calculate the binding kinetics parameters. 
 
 
Table 7.2 Analysis of binding kinetics of LacI-STB1/lacO and LacI-LSTB1/lacO 
complexes for SiO2 and TiO2 surfaces. 














complex 2.13 0.26 81.9 1.85 0.35 52.9 
LacI-LSTB1/lacO 
complex 2.08 0.74 28.1 1.78 0.62 28.7 
 
 
For LacI-LSTB1/lacO complex binding to TiO2 and SiO2, the Koff (2.08×10-3 s-1 
and 1.78×10-3 s-1, respectively) is quite close, so is the Kon (0.74×105 M-1s-1 and 
0.62×105 M-1s-1, respectively). Hence the resulting Kd (28.1 nM and 28.7 nM, 
respectively) is very similar. It is clear that in the context of fusion protein, the linear 
LSTB1 binds to TiO2 and SiO2 with the same affinity. In contrast, LacI-STB1/lacO 
complex has a smaller Kd on SiO2 surface (52.9 nM) than on TiO2 surface (81.9 nM), 
which suggests that the cyclic STB1 binds to SiO2 more strongly than it binds to TiO2. 
This also concurs with the aforementioned postulation that free STB1 binds to the two 
metal oxides in different conformations. Taken together, it indicates that STB1 is able 
to differentiate between the two metal oxides and it prefers SiO2 to TiO2 in terms of 
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binding affinity. Such difference in binding behavior of STB1 on the two metal oxide 
surfaces is believed to arise from the fact that the two metal oxides have different 
surface chemistry per se. With respect to the mechanism of electrostatic interaction, 
the difference in TiO2’s and SiO2’s surface chemistry would be too subtle to be 
perceived by the linear LSTB, but it could be distinguished by cyclic STB1. At this 
moment, however, the origin of such distinction between the two metal oxides is not 
clear. Considering that LSTB1 has the same binding behavior on both surfaces, it is 
possible that the cyclic structure formed by the two C residues confers STB1’s 
preference for SiO2 over TiO2. 
 
It is noteworthy that linear LSTB1 has smaller Kd than cyclic STB1 on either 
TiO2 or SiO2 surface. The higher binding affinity of LSTB1 is probably because its 
linear structure is more flexible than the constrained cyclic structure of STB1, thus 
allowing the LSTB1 to explore a wider range of conformations to best suit its 
electrostatic interaction with TiO2 or SiO2. In order to assess the flexibility of these 
two peptides, the conformations of STB1 (Figure 7.5a) and LSTB1 (Figure 7.5b) in 
aqueous environment were predicted by molecular dynamics simulation. The root 
mean square deviation (RMSD) of the backbone of the produced conformations, 
which measures the structural flexibility, is shown in Figure 7.5c. The simulated 
conformations of STB1 deviated little from one another (RMSD < 0.1 nm), whereas 
the conformations of LSTB1 underwent relatively dramatic changes. The structural 
flexibility of LSTB1 may allow it to maximize the electrostatic interaction between its 
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K residues with TiO2 and SiO2, which may underlie its indistinguishable strong 
binding affinity to both metal oxides. This accounts for the formation of rigid film 
when free LSTB1 binds to both surfaces, which is reflected by negligible D responses 
in Figure 7.2a. The conformation of STB1 is restricted by the Cys-Cys constraint, 
making it difficult to maximize the electrostatic interaction and thus resulting in the 
relatively weaker binding affinity of STB1. On the other hand, the restricted structure 
of STB1 suits its electrostatic interaction with SiO2 better than with TiO2, resulting in 





































Figure 7.5 Snapshots of the simulated conformations of (a) STB1 and (b) LSTB1. (c) 
shows the RMSD, i.e. root mean square deviation, of the backbone of the simulated 
conformations (produced during the 200 ps dynamics production) of STB1 and 
LSTB1. Inside each snapshot, the left image shows the surface electrostatic potential 
with positive charge depicted in blue and negative charge in red; the right image 
shows the peptide’s backbone highlighted as a green tube where three K residues are 
represented as stick and the other residues as line. 
 
In several recent studies, the Cys-Cys constraint has been reported to affect 
peptide’s inorganic-binding affinity to various extents. In a study of Al2O3-binding 
peptides displayed on the yeast surface (Krauland et al., 2007), Krauland et al. 
concluded that the binding of isolated peptides to Al2O3 arose from the electrostatic 
interaction between positively charged residues and Al2O3 surface; compared to the 
linear peptide, the Cys-Cys constrained version did not show weaker but comparable 
binding affinity. For peptides cognitive of another metal oxide, Cu2O (Choe et al., 
2007), Choe et al. found that the positively charged R residues had only modest 
contribution to the peptide’s binding affinity to Cu2O, while the presence of the 
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peptide in a Cys-Cys constrained loop is critical for the binding. Linear version of the 
Cu2O-binding peptide did not bind to Cu2O at all, whereas the cyclic version bound to 
Cu2O either in the free form or in the context of a host protein. Seker et al. 
investigated the binding behavior of free linear or cyclic Pt-binding peptide. (Seker et 
al., 2007). It was found that each peptide exhibited different Langmuir adsorption 
behavior and the cyclic one showed a much larger adsorption rate, which was 
attributed to the different conformations adopted by the linear and cyclic peptides. 
These studies show that the Cys-Cys constraint does not have a universal influence on 
the binding behavior of peptides to inorganic materials. Therefore, caution must be 
taken when using the Cys-Cys constraint to modulate a peptide’s binding affinity and 
selectivity. Cys-Cys constraint might be impaired when cyclic peptides like STB1 are 
introduced into any hosts. If the host has any Cys residue adjacent to the 
accommodation site of cyclic peptides, this Cys residue could disrupt the Cys-Cys 
bond and thus break the cyclic structure. In order to additively combine hosts’ 
functions and cyclic peptides’ specific binding affinity together with little compromise 
of each other, the following criteria should be considered as well: 1) the key 
structure/function of hosts should not be disturbed, 2) cyclic peptides in hosts are 
solvent accessible, 3) cyclic peptides are able to retain its cyclic structure and has 
little interaction with the surrounding context of hosts.  
 
Following the first report of inorganic binding peptide (Whaley et al., 2000), 
many attempts in search of peptides exhibiting specific affinity to various target 
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substrates have been made. In parallel, many efforts have also been made to analyze, 
engineer and harness peptides of desired properties for further engineering 
applications. Most, if not all, of these efforts either use the peptide molecule as it is or 
explore the docking platforms (e.g. polymers, microorganisms, proteins) capable of 
hosting the peptides without compromising its functionality. The contextual influence 
of displayed peptides on their binding affinity and/or selectivity to target materials has 
rarely been reported elsewhere, but must be understood to facilitate the 
implementation of affinity peptides for engineering applications. Therefore, the 
attempt to investigate the interplay between local conformation and contextual milieu 
of displayed peptides with regard to their target recognition ability would become 
increasingly important for the application and further engineering of designer peptides 
with interesting properties.  
 
7.4 Summary  
The merit of QCM-D measurement in terms of analyzing both the mass and 
conformational feature was exploited to investigate the binding behavior of cyclic 
STB1 and linear LSTB1 on TiO2 and SiO2 surfaces in various contexts including free, 
phage-hosted and fusion protein forms. For phage-hosted form, LSTB1 binds to both 
TiO2 and SiO2 more strongly than STB1. For free peptides, STB1 forms a relatively 
loose adsorption layer on SiO2, the conformation of which clearly departs from that 
demonstrated by STB1 on TiO2 or LSTB1 on either metal oxide surface. In the 
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context of fusion protein, LSTB1 is superior to STB1 in recognizing either metal 
oxide surface. The structural flexibility of LSTB1, confirmed using molecular 
dynamics simulation, makes it conducive for the peptide to explore a wider range of 
conformations to best suit its electrostatic interaction with TiO2 and SiO2. The 
structural flexibility probably accounts for the stronger binding affinity of LSTB1 to 
both metal oxides, and also for its incapability to differentiate between the two metal 
oxides. Although the presence of constrained loop in STB1 reduced its structural 
flexibility and hence compromises its binding affinity, this feature may be critical for 
STB1’s preferential selectivity for SiO2 over TiO2. Taken together, structural 
flexibility of peptides and the context of their display appear to be the key factors to 
regulate their binding affinity and/or selectivity towards inorganic materials. Careful 
consideration of such interplay between structural flexibility and binding 
affinity/selectivity is essential for understanding peptide-inorganic interaction and its 







8.1 Summary of major achievements 
Inorganic NPs, due to variable size, structure, and novel physical properties, are 
fundamental building blocks for advanced materials. The challenge of utilizing 
various NPs is how to assemble them into functional nanostructures. At a nanometer 
scale, biomolecules evolved in nature exhibit amazing ability of molecular 
recognition and self-assembly. When inorganic NPs meet biomolecules, hybrid 
materials can be engineered so as to couple the unique physical properties of synthetic 
inorganic NPs with the exquisite recognition and self-assembly abilities of 
biomolecules, which would revolutionize materials and devices of next generation. 
Such hybridization, however, requires conjugating motifs between the two 
nano-components (i.e. biomolecules and NPs). Following the first report of inorganic 
binding peptide (Whaley et al., Nature, 2000), peptides exhibiting specific affinity to 
target substrates are being identified using various techniques. In parallel, pioneering 
work to analyze, engineer and harness peptides of desired properties for further 
engineering applications is also underway. In this research, the overall objective is to 
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engineer LacI protein as a linker to direct the assembly of inorganic NPs on DNA 
scaffold. In order to engineer LacI with the ability to recognize target NPs, a 
consensus peptide sequence STB1 (-CHKKPSKSC-) with specific binding affinity to 
both SiO2 and TiO2 nanoparticles was identified in Chapter 3 using combinatorial 
peptide libraries displayed on the phage surface. The use of NPs as substrates and 
phage surface display technique provides high possibility to isolate consensus 
peptides with strong binding affinity to target materials. 
 
Subsequently, the underlying mechanism of STB1 binding to SiO2 and TiO2 was 
investigated. The binding behavior of the STB1-harboring phage particles (STB1-P) 
to SiO2 and TiO2 was extensively studied by QCM-D measurement at various pHs 
with the aid of AFM image analysis. The results proved that the binding of STB1-P to 
both metal oxides is mediated by the STB1 displayed on the phage surface, and the 
interaction between the STB1 and the metal oxides is electrostatic in a pH-dependent 
manner. A higher level of fundamental understanding of STB1 interaction with SiO2 
and TiO2 was gained in Chapter 4. The binding affinity of 16 phage strains displaying 
various STB1 mutants to SiO2 and TiO2 was studied by means of QCM-D 
measurement and molecular dynamics simulations. Our results suggests that: 1) the 
three K residues of STB1 were essential and also sufficient to anchor phage particles 
on SiO2 and TiO2 surfaces; 2) in a defined peptide compositional and/or 
conformational context, there is an optimal number or distribution of charged residues 
to give the strongest electrostatic interaction between peptides and metal oxide 
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surfaces; 3) peptide geometries and contextual residues play important roles to 
modulate electrostatic interaction between basic residues and oxide surfaces. These 
findings may be further harnessed for fine tuning of the binding affinity and 
selectivity of peptides to the target material. Our systematic approaches for 
investigating peptide-inorganic interaction and the obtained results may shed light on 
understanding the complicated interaction between proteins or peptides with inorganic 
surfaces. 
 
Chapter 5 elaborates on the engineering of LacI with STB1. Based on 
understanding the structure-function relationship of LacI, STB1 was genetically fused 
to the C-terminus of LacI to create LacI-STB1 in order not to disturb the N-terminal 
DNA-binding domain. The inserted STB1 peptides in the context of LacI-STB1 
molecules were shown to actively interact with both SiO2 and TiO2 while 
LacI-STB1’s DNA-binding ability remained intact. Wild-type LacI was found to bind 
to the metal oxdies through its N-terminal DNA-binding domain. An interesting 
finding is that compared to wild-type LacI with one binding region (at N-terminus), 
two remote binding regions (at N-terminus and C-terminus) in LacI-STB1 did not 
lead to faster adsorption rates to the two metal oxides, but remarkably slowed down 
the desorption rates. 
 
The use of LacI-STB1 as a protein linker to assemble TiO2 NPs on DNA 
scaffolds is successfully demonstrated in Chapter 6. Moreover, it was found that the 
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specific interaction between LacI and lacO is affected by the buffer condition. By 
using pure DI water or optimized PBS buffer, the sandwich nanostructure of 
DNA/LacI-STB1/TiO2 NPs was assembled either through engineered LacI’s 
non-specific interaction with DNA scaffold or through engineered LacI’s specific 
binding to lacO. This achievement of our initial objective raises the potential to 
design nanostructures at a molecular level by harnessing engineered biomolecules 
with desired recognition capability toward various materials. 
 
Last but not least, there is a general concern that the inorganic-binding behavior 
of peptide molecules may vary with the conformation and the contextual environment 
surrounding the peptide moieties.. In light of this, the binding behavior of STB1 and 
its linear version LSTB1 on TiO2 and SiO2 surfaces was investigated in three different 
contexts including free, phage-hosted and LacI-fused peptide forms (Chapter 7). Our 
results suggest that the structural flexibility of peptides is an important factor to 
regulate their binding affinity and selectivity towards inorganic materials. Increasing 
the structural flexibility of inorganic-binding peptides may increase their binding 
affinity but would trade off their selectivity. Such interplay among peptides’ structural 
flexibility, binding affinity and selectivity should be considered in understanding the 
peptide-inorganic interaction as well as in tuning peptides’ inorganic-binding 
behavior. 
 
Overall the research presented in this thesis demonstrated a feasible route to 
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engineer desired protein molecules with specific binding ability to target inorganic 
NPs. In addition, QCM-D measurement, AFM imaging, site-directed mutagenesis 
and/or molecular dynamics simulations were systematically applied to investigate the 
interaction of peptides, proteins and/or phage particles with inorganic surfaces. 
Substantial understanding of such complicated interactions has been gained.  
 
8.2 Suggestions for future work 
Following the above achievements in this thesis, future research can be conducted 
in several areas as follows to fully explore the potential impact: 
 
1) The STB1 peptide identified in this thesis electrostatically binds to SiO2 and TiO2 
with similar affinity. It is not able to differentiate between SiO2 and TiO2. In 
certain applications, it may be desirable to identify such a peptide that is able to 
specifically bind to SiO2 NPs in the presence of TiO2 NPs, or vice versa. The 
studies in Chap. 4 and Chap. 7 suggest that the contextual residues can modulate 
the binding affinity and the peptide geometry exerts great control over the 
accessibility of reactive amino acid side chains to reactive sites on target 
inorganic surfaces. It is therefore desirable to identify peptides with high 
specificity to either SiO2 or TiO2 through manipulating the contextual residues 





2) A process of assembling the sandwich nanostructure of DNA/LacI-STB1/TiO2 
NPs was successfully monitored using SPR (Chap. 6). This opens the way to 
assemble nanostructures using biomolecules and inorganic NPs at a precision of 
molecular-level (e.g. to realize an assembly pattern where one engineered LacI 
molecule specifically binds to only one target nanoparticle). However, the 
stoichiometry of the DNA/LacI-STB1/TiO2 NPs assembly is not clear, which 
hinders its application as nanodevice components. In future, methods should be 
developed to precisely measure stoichiometry of the DNA/LacI-STB1/TiO2 NPs 
assembly, and subsequently factors to control the stoichiometry of assembly 
should be indentified.  
 
3) LacI-lacO binding is reversible and can be modulated by incorporating inducer 
molecules (e.g. lactose, IPTG) to LacI’s core domain. The binding of inducer 
molecules to LacI triggers a conformational change of LacI which dramatically 
reduces its affinity to lacO. This feature makes LacI-lacO a potential logic switch 
for future nanodevices harnessing nanoelectronic particles. In future, it is worth 
investigating whether the LacI-STB1 molecule, once assembled in the 
DNA/LacI-STB1/TiO2 NPs sandwich nanostructure, can be released from DNA 
by incorporating inducer molecules. Secondly, it would also be interesting to 
design such a spacer region between STB1 and LacI that is sensitive to certain 
cleavage enzymes. In this way, the target NPs bound to engineered LacI 
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molecules can be released by enzymatic cleavage. These two investigations are 
aimed to render great flexibility to manipulate the DNA/LacI-STB1/TiO2 NPs 
nanostructure. Futhermore, functional nanodevices integrated with the engineered 
LacI-lacO machinery may be designed in the way that specific delivery of 
functional NPs is viable. This could facilitate the development of novel 
nanodevices of next generation which would find many useful applications 
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